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FOREWORD 


This  report  was  prepared  in  the  Nuclear  Weapons  Effects  Division, 
U.  S.  Array  Engineer  Waterways  Experiment  Station,  under  the  sponsorship  of 
the  Defense  Atomic  Support  Agency  (DASA)  as  part  of  NWER  Suhtask  I3.OIO, 
Response  of  Buried  Structures  to  Grovuid  Shock.  The  work  was  acconplished 
during  the  period  February  196^  through  May  I965.  During  this  time,  Mr. 

G.  L.  Arbuthnot,  Jr.,  was  Acting  Chief  of  the  Nuclear  Weapons  Effects  Divi¬ 
sion,  and  Mr.  W.  J.  Flathau  was  Acting  Chief  of  the  Protective  Structures 
Branch . 

This  report  was  prepared  by  Captain  Albert  F.  Dorris,  CE,  and  is 
essentially  a  thesis  submitted  in  partial  fulfillment  of  the  requirements 
for  the  degree  of  Doctor  of  Philosophy  in  Civil  Engineering  to  the  Univer¬ 
sity  of  Illinois,  Urbana,  Illinois. 

Directors  of  the  Waterways  Experiment  Station  during  the  period 
of  this  study  were  Colonel  Alex  G.  Sutton,  Jr.,  CE,  and  Colonel  John  R. 
Oswalt,  Jr.,  CE.  Mr.  J.  B.  Tiffany  was  Technical  Director. 


SUMMARY 


This  was  so  experimental  investigation  into  the  response  of 
small,  shallow -buried  (in  dense,  dry  sand  and  stiff  clay),  aluminum  cylin¬ 
ders  to  static  (l5-min  rise  time),  rapid  (13  msec),  and  dynamic  (0.3  msec) 
platie-wave  loading  up  to  500  psi.  Tl. ,  cylinders  had  identical  outside 
diameters  of  3*5  in.  and  two  thicknesses,  0.022  and  O.O65  in.  Hence,  the 
cylinder  stiffnesses,  EI/^^  ,  were  1.?  and  (d/t  =  159  and  5^)^ 
respectively . 

In  stiff  clay,  the  overpressure  required  to  cause  collapse 
increased  very  slowly  with  increasing  depth  of  burial  from  zero  to  the 
deepest  burial,  three-quarters  of  the  diameter.  !nie  hydrostatic  buckling 
equation,  =  3  EI/^^  ,  was  applicable  for  the  cylinders  tested. 

In  the  dense  id,  the  overpressure  required  to  cause  collapse 
increased  greatly  with  increasing  depth  of  burial  from  zero  to  one-eighth 
of  the  diameter.  Below  this  depth  it  was  not  possible  to  collapse  even 
the  most  flexible  cylinders  under  the  available  500-psi  pressure.  The 
hoop  compression  theory  was  verified.  A  ductility  factor  of  about  7  was 
found  to  be  conservative  for  cylin<^s  buried  at  depths  greater  than  one- 
eighth  their  diameter  in  the  dense  sand. 

The  recorded  strains  were  nonelastic  in  many  (»8es  and  it  was 
shown  that  large  yielding  does  not  necessarily  define  collapse.  Stress 
and  moment  were  found  to  be  nonlinear  functions  of  overpressure,  whereas 
thrust  was  generally  found  to  be  a  linear  function  of  overinresaure .  The 
differences  between  static  and  rapid  loading  in  the  elastic  response  of 
the  cylinder  were  found  to  be  small. 


i 


Diameter  changes  recorded  prior  to  collapse  for  the  static  tests 
were  small,  less  than  5  percent  of  the  diameter. 
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NOTATION 


a  Radius  of  the  intrados  of  the  cylinder 


A  Area  of  the  cross  section  perpendicular  to  the  ring  center  line 


AR  Arching  ratio 


b  Radius  of  the  extrados  of  the  cylinder 
Uniformity  coefficient, 
d  Outside  diameter  of  cylinder 

e  -  e 

D  Relative  density,  - 

^  ®inax  ”  ®min 

D-_  Soil  grain  diameter  of  which  10  percent  of  the  soil  weight 
is  finer 


DgQ  Soil  grain  diameter  of  which  60  percent  of  the  soil  weight 
is  finer 


V 

e  Void  ratio,  ^ 


e  Maximum  void  ratio 
max 

e  .  Minimum  void  ratio 
min 

Initial  void  ratio 

0 

E  Modulus  of  elasticity  of  the  cylinder.  Young's  modulus 
E'  Modulus  of  soil  reaction,  equal  to  k  R  ,  psi 


E  Modulus  of  elasticity  of  the  soil 
s 

g  Acceleration  of  gravity 
G  Specific  gravity  of  the  solids 
h  Thickness  of  the  cylinder  vail 

I  Moment  of  inertia  of  the  cross  section  of  the  cylinder  vail 
per  unit  length.  In. Via* >  X,, 


X 


M 


M 


cs 

M 

y 

n 


N. 


P  »P 


s» 

Q 


Spring  constant,  load  divided  by  deflection 

CDefficient  of  elastic  soil  reaction,  psi  per  strain 

Coefficient  of  soil  reaction  ("subgrade  modulus") 

Modulus  of  passive  resistance  of  the  enveloping  earth,  psi 
per  inch  of  deflection,  lb/in.3 

R^ial  elastic  support 

Coefficient  of  earth  pressure  at  rest 

Cylinder  length 

Bending  moment  at  the  cylinder  crovm,  constrained  soil  modulus 
Constrained  secant  modxilus  of  soil 
Bending  moment,  M 

Budding  mode  number  or  order;  number  of  half-waves 
Thnist  or  normal  force  in  the  cylinder,  Ib/in. 

Pressure,  psi 

Vertical  pressure  on  a  horizontal  plane  through  the  cylinder 
crown 

I  Critical  buckling  pressure 

Critical  buckling  pressure  in  lowest  mode  for  a  ring  subjected 
to  hydrostatic  pressure. 

Vertical  force,  lb 

Oirerpressure  on  surface  of  soil,  psi 

Overpressure  on  surface  of  soil  when  cylinder  collapsed 

Ratio  of  average  horizontal  force  (or  pressure)  to  average 
vertical  force  (or  pressure)  aj^lied  to  the  cylinder 

Unconflned  cospressive  strength 

Vertical  shear  force  in  soil  between  s\u*face  and  cylinder  crown 
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\ 
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W 

i 


xi 

Q*  Vertical  shear  force  in  soil  between  cylinder  crown  and  spring 
line 

Q”  Oblique  shear  force  in  soil  between  cylinder  crown  and  spring 
line 

r  Radius  of  a  cylinder  element 
R  Radius  of  the  cylinder  middle  surface 
Degree  of  saturation 
S,Sj^  Relative  stiffness 
t  Time 

T  Period  of  vibration  in  the  compressive  mode 
c 

Period  of  vibration  in  the  first  flexural  mode 
TD  laical  descriptor  of  relative  stiffness 

V  Total  volume  of  soil  sample 

Initial  volume 
o 

Volume  of  soil  solids 
Volume  of  voids 

V  Radial  displacement  of  the  cylinder;  wter  content 
Cylinder  coordinates «  spatial  cordinates 

Z  Vertioal  distance  from  soil  surface  to  cylinder  crown 
7  Uhit  weight  of  soil,  specific  weight 
7^  Dry  unit  weight 

^  Horiaootal  deflection  (increase  in  diameter) 

Ay  Vertical  deflection  (decrease  in  diismter) 

AV  Volume  change 
t  Uhit  strain 

t  Strain  on  extrados  of  the  cylinder 
Strain  on  intrados  of  the  cylinder 


r 

i 


B  Circular  angle 

V  Poisson's  ratio  of  the  cylinder 

V  Poisson's  ratio  of  the  soil 
s 

o  Stress 

a  Stress  in  the  y  or  tangential  direction 

y 

Lower  or  first  yield  stress 

Oy2  Upper  yield  stress  (result  in  0.2  percent  permanent  strain) 
Vertical  stress 
AU-eiround  confining  stress 
f6  Angle  of  internal  friction 
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RESPONSE  OF  HORIZONTALLY  ORIEirTED  BURIED  CYLINDERS 
TO  STATIC  AND  DYNAMIC  LOADING 

CHAPTER  1.  INTRODUCTION 

1.1  Background 

The  art  of  designing  buried  structures  to  resist  nuclear  blast 
loading  is  still  (1965)  in  its  infancy.  A  desirable  way  of  augmenting  the 
development  and  evaluation  of  particvilar  protective  structures  designs  is 
to  conduct  full-scale  tests;  however,  the  moratoriinn  on  ffUl-scale  surface 
tests  in  effect  since  1  Novasber  1958  eliminates  this  approach  in  studying 
the  response  of  shallow-buried  structures  to  overpressure-induced  distur¬ 
bances.  Unfortunately,  even  if  full-scale  tests  had  been  permitted  since 
1958,  it  is  doubtful  that  sufficient  data  would  be  available  from  such 
tests  alone  to  formulate  economical  end  practical  designs  for  most  design 
situations.  Laboratory  and  analytical  studies  still  would  have  been  needed 
to  suppleanent  such  programs.  Because  of  the  limitations  imposed  by  the 
moratorium,  special  emphasis  has  by  necessity  been  placed  on  analytical 
studies  and  laboratory  tests  of  small-scale  structures  for  the  purpose  of 
developing  usable  design  methods. 

At  the  moment  there  is  a  lack  of  well -documented  experimental 
data  and  field  experience  with  which  to  compare  current  thought  and 
analytical  theory.  The  most  advanced  design  manual.  Principles  and  Prac¬ 
tices  for  Design  of  Hardened  Structures  by  Newmark  and  Haltiwanger  (1962, 
under  revision),*  and  the  current  source  book  of  underground  phenomena 
and  effects  of  nuclear  weapons,  Nuclear  Geoplosics  by  Stanford  Research 


Authors  and  dates  refer  to  list  of  references  at  end  of  text. 
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Institute  (1964),  point  out  a  multitude  of  unknowns  in  the  state  of  the  art 
1.2  Prohlem  Under  Study 

Burled  cylindrical  or  ring  configiarations  are  ideal  geometries  to 
resist  external  loads  effectively  and  are  thus  well  suited  to  protect 
personnel  emd  appurtenances  for  various  facilities  such  as  NIKE  and  ICBM 
hardened  sites.  They  are  also  favored  as  entrances  and  escape  routes  for 
protective  structures  hurled  deep  in  rock.  Additionally,  almost  all  com- 
nunl cation  and  utility  conduits,  existing  and  planned,  are  cylindrical  in 
shape.  Currently,  these  structures  are  being  designed  largely  on  the  basis 
of  engineering  hypotheses  supplemented  by  the  field  experience  gained  with 
buried  conduits  and  tunnel  liners  subjected  to  static  loading.  There  is 
virtually  no  experimental  vali<tetion  of  the  ciarrent  dynamic  design  criteria 
Because  of  the  uncertainties,  the  current  design  procedures  are  only  stop¬ 
gap  measures  ^Ich  await  the  results  of  controlled  experimental  investiga¬ 
tions  for  confirmation  or  refutation. 

Tlie  problems  of  designing  shallow-buried  protective  s’^ructures 
for  overpressure-induced  loading  from  large -yield  weapons  differ  from  those 
associated  with  other  underground  cylindrical  structures  in  at  least  two 
major  ways:  (l)  Ibe  live  load  is  large  coaq>ared  with  the  dead  load,  and 
the  structure  must  be  designed  primarily  for  the  live  load;  (2)  the  crite¬ 
ria  for  failure,  together  with  the  factor  of  safety,  must  lead  to  the  least 
expensive  structure  which  couples  cost  ax^  use  to  fulfill  requirements.  A 
factor  of  safety  of  4  is  c<minon  in  culvert  design  as  indicated  by  Armco 
Drainage  and  Metal  Products,  Inc.  (19^8,  p  70).  This  factor  is  suffi¬ 
ciently  large  to  take  care  of  many  unknowns.  However,  a  factor  this  large 
is  econonically  infeasible  for  the  design  of  most  protective  structures. 
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1.3  Objective  of  the  Study 

The  objective  of  this  investigation  vas  to  study  experiaentally 
the  phenomena  associated  with  the  failure  of  horizontally  oriented,  cir¬ 
cular  cylinders  burled  at  '/arlous  shallow  depths  in  several  soil  media 
and  subjected  to  either  static  or  dynamic  overpressures. 

l.U  Scope  of  the  Investigation 

It  would  be  desirable  to  study  a  wide  range  of  cylinder  types 
by  varying  such  parameters  as  material  properties  of  the  cylinder,  cylinder 
dimensions,  soil  media,  depths  of  burial,  ovezpressure  characteristics,  and 
combinations  of  instrumentation  transducers.  Experimentally,  very  little 
ultimate  strength  work  has  been  done  to  study  buried  cylindrical  structures 
in  the  collapse  range. 

An  evaluation  of  all  the  paraiaetera  and  combinations  in  detail 
would  be  far  b^ond  the  scope  of  any  single  Investigation.  The  parameters 
selected  for  study  are  outlined  below: 

1.  In  order  to  examine  the  extreme  range  In  soil  media, 
two  soils  were  selected:  a  dense,  dry  sand  and  a  hl|^ly 
plastic  clay  placed  at  such  a  water  content  that  the 
consistency  ranged  from  stiff  to  very  stiff  as  divined 
ty  Terzaghl  and  Peck  (19^,  p  3X)> 

2.  In  order  to  exoadne  the  effect  of  depth  of  burial, 
five  shallow  depths,  ranging  trm  sero  to  2-3/8  in.  or 
3A  diameter  (d),  were  Investigated. 

3.  In  order  to  examine  overpressure  effects,  three 
pressure-time  signatures  were  used,  ranging  from  a 
quasl-statlc  rise  time  of  10  to  15  min,  to  a  rapid 
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rise  time  of  13  msec,  and  up  to  a  dynamic  rise  time  of 
0.3  msec. 


4.  In  order  to  examine  a  range  in  structural  stiffness, 
two  circular  cylinder  gecanetrles  (tvo  vail  thicknesses 
and  three  nominal  yield  strengths)  were  eiQ>loyed.  'Hie 
outside  diameter,  length,  and  end  conditions  were  kept 
constazrt. 

Since  xmderground  cy  indr  leal  structures  have  long  been  used  as 
tunnels,  culverts,  severs,  and  pipes,  a  great  deal  of  qualitative  knowledge 
is  available  covering  all  aspects  of  the  soil-structure  system,  e.g.  arch¬ 
ing,  loogltudlnal  beam  action,  live  loeul  distribution,  ring  loading,  and 
ring  response.  Fig.  1.1  Illustrates  some  of  the  concepts  of  load  transfer 
ftom  the  soil  surface  to  the  underground  structure. 

This  test  program  was  planned  to  investigate  ring  response,  and 
the  emphasis  vaa  not  on  the  associated  phenomena  such  as  arching.  These 
will  be  discussed  only  as  they  contribute  to  an  understanding  of  the  ring 
req^onse. 

Forty-six  cylinders  vere  tested  during  the  investigation.  For 
each  rapid  or  dynaaic  test  (plane  vave  loading),  a  corresponding  static 
test  vaa  performed  for  coagparlaon.  The  entire  program  is  summarised  in 
Thble  5*1* 

The  30  eyllndera  designated  as  groups  A,  B,  and  C  vere  tested 
under  static  and  rq^d  loading  in  the  blast-loadii^  facility  at  the 
Univimrsity  of  Illinois.  The  16  cylinders  in  groups  D  and  B  vere  tested 
lader  static  and  dynrmic  loading  at  the  U.  8.  Azuy  flatervays  Experiment 
Station  (MBS). 
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CHAFTER  2.  DEVELOIMElfT  OF  mESElIJ!  STATE  OF  KNOOfDGE 

2.1  Culvert,  Pipe,  and  Tunnel  Contrlbiiblon 

It  Is  not  the  writer's  purpOi*e  to  cite  all  of  the  potentially 
applicable  work,  hut  rather  to  categorize  the  development  of  current 
schools  of  thoiight  and  to  summarize  the  more  i)ertinent  references  describing 
the  development  of  design  and  analysis  procedures  for  buried  cylinders. 
2.1.1  Talbot,  Cain,  Mar  start 

Talbot  (1908)  tested  cast*iron,  plain  concrete,  and  reinforced 

concrete  pipes  to  failure.  He  recognized  both  the  beneficial  effect  of 

lateral  confinement  (p  22)  and  the  abLllty  of  the  concrete  rings  to  retain 

their  circular  configuration  until  final  failure  occurred  idien  the  concrete 

crushed  (p  65).  lihe  Idealized  load  distribution  which  he  considered  is 

chown  in  Fig.  2.1a.  Zn  view  of  the  fact  that  the  load  distribution  was  not 

uniform,  that  the  actual  value  of  q  (the  average  horizontal  pressure 

divided  by  the  average  vertical  pressxire)  was  not  determinable,  and  that 

cnurking  would  not  be  acceptable  for  permanent  installations,  Talbot  recosi* 

2 

mended  the  use  of  the  formula  >  0.29p  R  for  design,  i.e.  the  maxiaui 

C  w 

bending  moment  (at  the  crown),  N  ,  with  q  »  0  where  p.  ia  the  average 
pressure  cm  a  horizontal  plMe  through  the  crown,  and  R  the  mean  radius 
of  the  pipe.  Any  surplus  strength  offered  by  the  side  restraint  would  be 
** considered  merely  an  addlticmal  margin  of  safety"  (Talbot  (19C6)}. 

Braune,  Cain,  and  Janda  (19S9)  ej^lored  the  possiblli^  that  the 
horizontal  luressure  was  not  distributed  all  the  way  to  the  top  of  the  riag 
(Fig.  2.1b).  Ualng  the  results  of  pressure  cell  measurements  on  the  sur«> 
face  of  relatively  flexible  rings,  thev  (in  Appendix  ZI  written  by  Cain) 
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tried  to  arrive  at  applicable  values  of  6  ,  the  circitlar  angle,  and  q  . 
Cain  also  discussed  (p  17^  the  reasons  why  deflections  determined  by  a 
unifozm  radial  load  theory  would  never  agree  with  measured  values.  This 
theory  treats  the  horizontal  passive  soil  resistances  as  if  they  were 
active  soil  forces. 

Marston  (1930)  sxmnarized  his  own  worh  on  arching  and  gave  scane 
gxiidelines  to  define  the  differences  between  flexible  and  rigid  conduits. 

He  considered  flexible  conduits  as  having  cross-sectional  shapes  that  can 
be  distorted  sufficiently  to  change  their  vertical  or  horizontal  dimensions 
more  than  3  percent  before  causing  materially  injurious  cracks;  rigid  con¬ 
duits  cannot  sustain  such  distortions. 

2.1.2  Spangler 

Spangler  (1938)  used  a  friction  tape  technique  to  measure  the  pres 

sure  distribixticm  on  the  outside  of  flexible  metal  pipes.  He  developed  a 

hypothetical  distribution  of  pressure.  Fig.  2.1c,  based  on  the  maximn  unit 

Iwrizontal  pressure  being  equal  to  the  modulus  of  passive  resistance,  k  , 

8 

of  the  fill  material  multiplied  by  (UM-half  the  horizontal  diameter  change . 
Spangler  used  e  for  this,  but  for  distinction  within  this  report  the  term 
k^  shall  be  used.  He  stated  that  defleetl<m  of  a  flexible  culvert  is  tt» 
j^noMiKXk  of  primary  interest  ''because  failure  of  flexible  pipes  occurs 
by  excessive  deflection  rather  than  excessive  stress."  Slangier 's  design 
formula  (Iowa  Formula)  for  good  bedding,  Fig.  2.1c,  also  shows  the  relative 
influence  of  the  pipe  parameter,  SI  ,  and  the  influence  of  the  passive  soil 
resistance  parameter,  0.06l  k^R  ,  where  E  is  the  modulus  of  elasticity 
of  the  pipe,  I  is  the  moment  of  Inertia  of  the  pipe  wall,  and  R  is  the 
mean  radius  of  the  <yllnder. 
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Spangler  (1946)  revleved  the  state  of  knovledge  of  undergroimd 

conduits  and  pointed  out  the  lack  of  knowledge  concerning  the  modulus  of 

passive  resistance,  k  .  He  also  indicated  that  the  load  disti’ihution  on 

s 

a  horizontal  plane  at  the  level  of  the  cylinder  crown,  p  ,  is  approxi* 
mately  uniform  over  the  breadth  of  the  pipe.  Spangler  (1956,  pp  1054-9) 
discussed  the  validity  of  assuming  a  condition  of  plane  strain  or  x>lane 
stress  for  pipeline  problems.  He  concluded  that  it  is  not  possible  to 
determine  which  most  nearly  applies,  and  med  the  scne^at  slspler  plane 
stress  assisBptlon  iidilch  is  not  dependent  \;Q>on  Poisson's  ratio,  v  ,  of  the 
cylinder.  Sx>angler  (i960.  Chapter  25)  further  discussed  the  Iowa  Formula 
and  tentatively  recoomended  that  for  flexible  culverts  the  deflection 
should  not  exceed  5  percent  of  the  diameter.  Typical  values  for  the  mod¬ 
ulus  of  passive  resistance  were  mentioned.  Spangler  indicated  that  the 
modulus  of  passive  resistance  is  strongly  influenced  by  the  size  of  the 
pipe  and  gave  reconnended  values  for  design. 

2.1.3  Vatkins 

Watkins  and  Spangler  (19^)  examined  the  Iowa  Formula  from  a 
dimensional  analysis  or  similitude  point  of  view.  It  was  concluded  that 
the  modulus  of  passive  resistance  is  not  a  property  of  the  soil  alone;  and, 
further,  that  the  product  of  the  aK>dulus  of  passive  resistance,  k^  ,  times 
the  pipe  radius  is  a  constant  for  a  given  soil.  This  q:uantity,  k^R  ,  was 
termed  the  modulus  of  soil  reaction.  S'  . 

Watkins  (1959)  ntteapted  to  correlate  the  modulus  of  son  reac¬ 
tion  to  properties  that  are  easily  measured.  His  work  indicated  that  the 
modulus  was  related  to  the  conpressioo  index  for  a  given  soil.  Watkins 
(i960)  iK>inted  to  buckling  of  the  pipe  wall,  before  an  excessive  diameter 
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change  has  occurred,  as  a  potentieU.  failure  mechanism  for  buried  conduit 

systems.  Watkins  (I963)  suggested  that  the  hydrostatic  bxicklang  equation,. 

P  =  (where  p  is  the  critical  buckling  pressure  in  psi),  be  ap- 

o  r3  o 

plied  as  a  conservative  estimate  of  the  buckling  failure  phenomenon.  This 
and  the  work  of  Brockenbiirgh  (19^3)  influenced  the  U.  S,  Steel  Corporation 
to  produce  a  new  corrugation  profile  for  their  flexible  culverts.  Watkins 
and  Nielson  (1964)  developed  a  test  apparatus,  modpares  device,  to  measure 
the  modulus  of  soil  reaction.  It  ws  found  that  this  quantity  is  not  a 


constant,  but  rather  decreases  with  increasing  conduit  deflection. 

Watkins  (1964)  again  pointed  out  the  importance  of  the  soil  in 
influencing  structural  response,  and  illustrated  the  possibility  of  buck¬ 
ling  for  a  very  flexible  ring  carefully  embedded  in  a  well-compacted. 


granular  fill. 

2.1.4  Schafer «  Barnards  White 

Schafer  (19^)  stated  that  an  average  safe  maximum  deflection  for 
conduits  is  20  percent  of  the  vertical  diameter.  Application  of  a  factor 
of  safety  of  4  to  the  deflection  criterion  leads  to  a  design  deflection  of 
5  percent.  He  developed  an  espirical  deflection  equation,  examined  the 
Iowa  Formula,  and  concluded  that  it  gave  undue  \alue  to  the  side-s\9port 
factor,  k  ,  for  large-diameter  structures. 

Barnard  (1957)  pointed  out  that  apparent  bending  stresses  in 
steel  pipe  based  on  elastic  theory  are  not  of  importance  in  themselves  %dien 
the  ductility  of  the  sunterial  in  the  shell  permits  deformatiem  without 
failure.  Localized  bending  stresses  %rhich  appear  to  pass  the  yield  point 
of  the  material  are  not  proper  criteria  for  failure. 

White  and  Layer  (i960)  proposed  the  ring  compression  theory, 
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Fig.  2. Id,  as  a  rational  design  tool.  They  argued  that  the  r^ng  bending 
stiffness  need  only  be  sufficient  (l)  to  prevent  buckling,  (2)  to  resist 
the  uneven  loads  in  minimum  cover  installations,  and  (3)  to  permit  easy 
handling  and  erection.  ViMte  (1961)  described  a  21- ft- diameter  corrugated 
culvert  designed  by  using  the  ring  compression  theory,  and  indicated  that 
the  primary  factor  for  average  corrugated  metal  conduits  is  compressive 
strength. 

2.1.5  Meyerhof 

Meyerhof  and  Baikie  (1963)  performed  tests  to  failmre  on  quarter 
sections  of  curved  steel  sheets  bearing  against  dense  sand  backfill.  They 
showed  that  for  small  values  of  the  subgrade  modulus  and  the  flexural  ri¬ 
gidity  of  the  plates,  the  sheets  would  fail  by  buckling;  but,  for  larger 
values  of  these  parameters  the  sheets  would  fail  by  yielding  of  the  sec¬ 
tion.  The  ring  compression  theory  was  sujported.  Their  buckling  tiheory, 
discussed  in  Chapter  3>  lndi<'««tes  that  the  hydrostatic  theory  is  overly 
conservative.  Meyerhof  and  f’.sher  (19^3)  discussed  several  field  experi¬ 
ences  and  concluded  that  failures  due  to  excess  deflecticm  were  a  conse¬ 
quence  of  unsuitable  backfill  material  or  poorly  compacted  soil.  They 
'jurged  the  use  of  competent  backfill  so  that  the  ring  coapression  theory 
could  be  applied. 

2.1.6  Large  Field  Structures 

Terzaghi  (1943)  observed  eipt^rimental  sections  of  the  Chieago 
subway  tunnels  in  clay,  and  concluded  that  a  nearly  unifom  diatribi&ion 
of  pressure  should  be  assutaed.  Tertaghi  (1942,  p  207)  further  suggested 
that  the  bending  sKaenta  would  be  insignificant  even  in  a  fairly  thick 
shell  because  the  deformation  of  the  tube  automatically  reduces  the  moments. 
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Peck  and  Peck  (19^9)  discucsed  observations  made  on  large- 
diameter,  flexible  steel  culverts.  They  conclijded  that  if  the  soil  is  ade¬ 
quately  ''0!ig)acted,  a  moderate  deforaation  will  establish  a  state  of  nearly 


uniform  all-around  pressure. 

Lane  (i960)  described  the  ijbservation  made  of  tvinnel  test  sec¬ 
tions  at  Garrison  Dam.  In  the  flexible  sections,  the  ratio  of  the  hori¬ 
zontal  to  vertical  load  ranged  frosi  0.8  to  1.1,  However,  higher  bend¬ 
ing  moments  weie  observed  in  the  flexible  ribs  than  could  be  explained 
by  the  «tTnAi  i  differences  between  the  measured  horizontal  and  vertical 
thrusts.  Thus,  the  moment  was  apparently  dependent  on  things  other  than 
the  overall  loading,  such  as  the  construction  procedures. 

2.2  Prote  tive  Structttres  Resea’^ch 
2.2.1  Dynamic  Theory 

A  number  of  conqplex  solutions  have  been  generated  for  mathemat¬ 
ical  continuum  models  which  are  tractable  within  the  classical  theory  of 
elasticity.  Palmer  and  Lankford  (1963)  compared  several  sol’xtions  and 
rccoQiaended  the  approach  taken  by  Yoshihara  and  others  (1963)  as  being  very 
promising.  Albritton  and  others  (1965)  reported  the  results  of  an  experi¬ 
mental  pilot  study  of  a  stiff  ,  buried  cylinder  and  an  extensive  analysis 
of  the  mathematical  and  physical  limitaticaic  of  the  currently  available 
continuum  theories. 

Mow  (1964)  reviewed  various  dynamic  analyses  and  concluded  that 
"under  the  assuMptica  of  earth  media  beln^  elastic,  honogenecus  and  iso¬ 
tropic,  the  dynMd.c- stress  ccmcent  ration  factors  for  all  cylindrical- cavity 
cases,  whether  elastically  lined  or  unline«i,  are  all  about  10  to  20  percent 
hlglMr  than  those  for  their  conresponding  static  cases."  The  verification 


of  this  analytical  prediction  could  reduce  the  problem  (when  a  step  pulse 
or  instantaneously  applied  input  assun.pt ion  is  applicable)  to  the  simpler 
static  case  with  an  arbitreiry  20  percent  increase  in  d»,'sign  equations. 

As  a  consequence  of  the  work  of  Merritt  and  Uewmark  (19^2)  axid 
Melin  and  Sutcliffe  (1959)>  Newmark  and  Haltiwanger  (I962)  outlined  the 
only  theory  known  to  the  writer  which  takes  into  account  the  aonelastic 
behavior  of  the  cylinder. 

No  directly  applicable  theory  of  dynamic  bvickling  is  known. 

2.2.2  Static  Theory 

In  addition  to  the  mechanics'  theories  already  mentioned  in  con¬ 
nection  with  cxilverts,  Section  2.1,  several  possible  elastic  continuum 
theories  exist.  Palmer  and  others  (19^3)  coopared  a  number  of  these  and 
suggested  using  the  solution  of  Savin  (I961)  for  a  lined  hole  in  an  in¬ 
finite  plate.  Other  similar  solutions  can  be  found  for  the  static  case 
^ich  evolve  as  limiting  portions  (longtime  or  steady  state)  of  the  dynamic 
analyses  idiere  they  approach  the  static  case. 

2.2.3  Ultimate  Strength  Laboratory  Tests 

Bulson  (1962)  tested  ^  thin  tubes  to  failure  under  static  load¬ 
ing  up  to  100  psi.  Overpressure  and  dial  deflections  were  the  only  mea^ 
sur^sents  aadSt  hut  these  were  sufficient  to  describe  the  failure  mode  as 
buckling.  Ilie  failures  at  the  deepest  burial,  «  iA  the  dense  sand 
point  to  a  failure  mode  heretofore  unrecognised  for  folly  buried  cylinders. 
Bulson  (19^3>  o  and  b,  and  196$}  extended  the  work  to  square  cylinders  and 
(196k)  staaaarised  all  of  his  previous  tests. 

Doonellan  (19^)  conducted  nondestructive  tests  on  Lnstnmmnted 
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cylinders  and  destructive  tests  on  noninstrumented  cylinders  buried  in 
dense,  dry,  20-30  Ottawa  sand.  The  loading  was  quasi-static  15)  to  a 
maxinnm  of  I60  psi.  Only  the  overpressui'e  was  monitored  during  the  ulti¬ 
mate  strength  tests. 

Whitman  and  Liischer  (19^2)  and  Luscher  (1963)  statically  tested 
small  aluffiinxnn  tubes  surrounded  by  dense  sand  and  symmetrically  loaded  in 
a  tri8ucial  type  device.  As  a  result,  Luscher  and  Hoeg  (1964)  concluded 
that  the  major  contribution  of  the  sand  to  the  system  was  to  force  the 
cylinder  to  respond  in  higher  buckling  modes.  Luscher  and  Hoeg  (1964)  also 
conducted  buried  tube  tests  which  yielded  failure  conditions  similar  to 
those  of  the  fully  symmetric  situation. 

2.2.4  Nondestructive  Laboratory  Tests 

A  number  of  tests  have  been  conducted  to  verify  elastic  theories 
and  to  form  a  basis  for  predicting  the  ultimate  strength  of  a  cylinder. 

Allgood  and  Gill  (1964)  made  a  series  of  static  and  dynamic  tests 
’.q)  to  a  maximum  of  25-psi  overpressure  on  a  24- in. -diameter  steel  cylinder 
buried  in  dense  sand.  All  response  was  in  the  elastic  range  of  the 
cylinder  material.  They  found  that  the  form  of  the  deflection,  thrust, 
and  moment  distribution  was  much  the  same  under  both  types  of  loading. 

Some  differences  were  noted:  The  maximum  thrust  under  dynamic  loading  was 
about  l4  percent  higher  than  for  static  loading;  the  crown  deflection  under 
dynamic  loading  was  about  twice  that  under  static  loading.  Allgood  (1965), 
in  attempting  to  siimmarize  the  case  of  a  thin  metal  cylinder  buried  at 
shallow  depths  in  a  uniform,  noncohesive  soil,  concluded  that  the  net  arch¬ 
ing  (reduction  in  vertical  load  below  that  at  the  surface)  across  a  thin 
metal  cylinder  is  negligible. 


13 


Robinson  (I962)  presented  the  results  of  a  series  of  static 
tests  vqp  to  a  maxiimim  of  100-psi  overpressure  on  6- in. -diameter  tubes 
buried  in  dense,  dry  Ottawa  sand.  Robinson  (I96U)  extended  the  earlier 
tests  by  incl\iding  more  strain  gages.  Four  test  sections  were  used  at  a 
depth  of  burial  of  I5  in. ,  2-l/2d.  The  results  were  nonsyrametric  in  re¬ 
sponse  and  showed  a  great  amount  of  scatter  in  the  moments. 

2.2.5  Full  Scale  Tests 

Albright  and  others  (1960)  described  the  response  of  large- 
diameter,  buried  cond\iit  sections  located  at  the  100-psi  pressxire  range  of 
Shot  Priscilla  (1957)  in  Operation  PLUMBBOB,  a  full-scaLLe  field  test.  The 
sections  were  selected  by  means  of  modified  static  design  procedures,  and 
all  survived  the  blast  loading. 

Williamson  and  Huff  (I961)  described  the  response  of  20- ft  long, 
7-ft  diameter,  10-ga\age  structural-plate  pipes  buried  at  a  10- ft  depth  of 
cover  and  subjected  to  a  pressure  of  250  psi  from  Shot  Smoky  of  (^ration 
PLUMBBOB.  Again  the  struct\u*es  survived  with  very  small  deformations  and 
virtually  no  damage. 

McDonough  (1959)  described  tests  on  drum- shaped  structural  models 
buried  at  depths  of  from  0  to  20  ft  and  subjected  to  the  effects  of  air- 
induced  pressures  resulting  from  large  detonations.  The  cooipressibility  of 
the  structure  relative  to  the  surrounding  soil  appeared  to  govern  the 
amount  of  load  that  was  transmitted  to  the  structure. 

2.3  Similitude  Studies 

The  American  Machine  and  Foundry  Ccmipany  (I962)  and  Murphy  and 
Young  (1962)  examined  the  feasibility  of  modeling  the  soil- structure  inter¬ 
action  problem,  and  developed  similitude  relations. 
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Murphy  and  others  {19^3)  demonstrated  the  feasibility  of  \ising 
small-scale  modeliisg  for  qualitative  results.  Young  6uid  Murphy  (1964) 
tested  their  similittide  requirements  on  stiff  aluminum  cyliriders  buried  in 
dry  Ottawa  sand,  and  concluded  that  the  requirements  were  satisfied  within 
the  range  of  parameters  investigated. 

Dowell  (1964)  continued  the  work  with  stiff  cylinders,  but  ex¬ 
perienced  difficulty  as  a  result  of  sidewall  friction  in  the  testing 
device . 

2.4  Bibliographies  and  Design  Manuals 

Van  Horn  suid  Tener  (I963)  and  Merkle  (1963)  prepared  annotated 
bibliographies  on  the  subject  of  soil- structure  interaction.  Each  chapter 
of  the  five  volume  set  of  Nuclear  Geoplosics  by  Stanford  Research  Institute 
(1964)  contains  an  excellent  bibliography.  The  Effects  of  Nuclesir  Weapons 
by  U.  S.  Atomic  Energy  Commission  (1964)  covers  the  genera]  field  of 
nuclear  weapons,  and  the  Proceedings  of  the  Symposium  on  Soil-Structure 
Interaction  by  University  of  Arizona  (1964)  presents  the  most  \q)-to-date 
research. 

Design  manuals  appeared  in  1957  with  the  U.  S.  Army  Corps  of 
Engineers  series  EM  1110-345-413  to  -421.  American  Society  of  Civil  Engi¬ 
neers  (1961)  and  Newmark  and  others  (1961)  developed  design  recommendations. 
Newmark  and  Haltiwanger  (1962,  under  revision)  outlined  design  procedures 


for  hardened  sites. 


CHAPTER  3.  THEORETICAL  CONSIDERATIONS 


Various  theoretical  solutions  and  concepts  are  presented  In  this 
chapter  and  are  conpared  with  the  test  results  In  Chapter  6.  The  non¬ 
availability  of  a  dynamic  buckling  theory  together  with  the  theoretical 
Indication  that  the  dynamic  response  for  a  step  pulse  Is  only  10  to  20 
percent  greater  than  the  static  response  suggests  that  static  theory  may 
be  applicable  for  the  elastic  case. 

3.1  Definition  of  Failure 

A  protective  structure  falls  when  It  can  no  longer  perform  the 
function  for  which  it  was  designed.  For  the  shell  under  consideration, 

Fig.  3.1,  failure  is  an  Inability  to  keep  the  ring  from  collapsing.  This 
could  come  about  by  (l)  the  vertical  diameter  decreasing  to  such  an  extent, 
say  20  percent,  that  the  crown  would  reverse  curvature  and  plunge  to  the 
invert,  Fig.  3* 2a;  (2)  a  section  of  the  wall  becoming  unstable  before  a 
large -diameter  change  has  occurred  (and  buckling  inward  into  the  cavity 
with  a  large  asqplltude)  as  a  consequence  of  the  interaction  between  thrust 
and  moment  (a)  before  any  fiber  in  the  cross  section  has  yielded,  (b) 
after  some  fibers  have  yielded  in  bending  but  before  the  whole  cross  sec¬ 
tion  has  yielded  in  thrust,  (c)  at  some  time  after  the  whole  cross  sec¬ 
tion  has  yielded  in  thrust  (hoop  con^nressior^.  Fig.  3* 2b,  c,  and  d 
show  some  observed  modes  of  failure. 

Large,  i.e.  greater  than  5  percent,  changes  in  diameter  will  not 
occur  (if  the  cylinder  is  emplaced  in  a  ccmopetent  backfill)  before  one  of 
the  failure  mechanisms  in  (2)  above  has  triggered  the  structural  collapse. 
The  backfilling  around  protective  structures  should  be  carefully 
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controlled;  therefore,  the  tests  of  the  present  Investigation  vere  con¬ 
ducted  in  well-compacted  axid  -controlled  scuid  emd  clay  speciisens. 

Because  the  cylinder  tends  to  readjust  itself  toader  load,  it 
may  be  assusied  that  the  bending  moments  are  negligible  in  the  developomnt 
of  a  buckling  criterion.  Hence,  failures  (2)(a)  and  (2)(b)  mentioned 
previously  can  be  considered  one  condition  describing  the  elastic  mem¬ 
brane  response  of  the  cross  section. 

As  long  as  the  wall  acts  as  a  ductile  member,  yielding  will  not 
constitute  failure  other  than  as  it  precipitates  inelastic  buckling. 

3.2  Elastic  Buckling 

3.2.1  Soil  Medium  Approximated  by  Water 

A  first  approximation  to  the  problem  of  a  uniform  soil- surrounded 
cylinder  can  be  made  by  the  use  of  the  equation  for  hydrostatic  buckling 
of  a  ring.  Fig.  3<3'  Since  this  mathanatlcal  model  assume  ^-.hat  the  me¬ 
dium  possesses  no  shear  strength,  it  should  serve  as  a  lover  bound  for  the 
buckling  value  for  uniform  radial  loading.  Seely  and  Smith  (19^2,  p  6l2) 
arrived  at  the  classical  relation 

p.  =  (n^  -  1)  ^  n>  2  3.1 

where  p^  -  uniform  collapsing  (critical)  pressure  (force  per  unit  area) 
for  the  ring  section 
n  s  buckling  mode  number,  an  integer 
£  s  modulus  of  elasticity  of  the  cylinder  material 
I  3  moment  of  inertia  (per  unit  length)  of  the  ring  cross  section 
R  >  mean  radius  of  the  ring 
The  minimum  value  for  p^  ,  other  than  zero,  is 
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O  ^1  o  o 

P<,  =  3^  3.2 

Timoshenko  and  Gere  (1961;  p  292)  Indicated  that  the  buckling  forms  of 
higher  order  can  be  obtained  only  by  Introducing  certain  additional  ''on- 
stralnts.  For  n  =  3  p  Pv  =  8  ^  or  2.?  P  •  For  n  =  U  ,  p.  =  15  ^ 

PT 

or  5  P  •  Williamson  and  Huff  (19^1,  p  ^2)  used  15  ^  fts  their 
°  R-’ 

buckling  criterion. 

The  hydrostatic  value  for  the  critical  buckling  pressure  Is 

based  on  the  external  forces  ranalnlng  normal  to  the  surface  of  the  ring 

when  buckling  occurs.  Boresl  (1933>  P  101)  has  shown  that  the  coefficient 
El  » 

on  -7  In  equation  3*2  Is  4.5  for  the  fundamental  buckling  mode  If  the 
R^ 

external  forces  are  assxaned  to  remain  directed  toward  the  original  center 
of  the  ring  Instead  of  normal  to  the  surface.  Bodner  (19^8)  showed  that 
the  coefficient  Is  4  for  a  constant -directional-pressure  force  system. 

The  foregoing  observations  Indicate  some  of  the  potential  weak¬ 
nesses  In  the  hydrostatic  assumptlcm.  A  slightly  different  assumption  in 
the  action  of  the  surface  traction  could  change  the  critical  buckling 
pressure  by  50  percent. 

Anderson  and  Boresl  (1962)  investigated  a  nonuniform  load  dlstrl- 
but  ion  of  the  form  p  «  p.  sin  9  ,  Fig.  3.U,  where  p  Is  the  peak  pres- 

&  V 

ET 

sure  at  the  crown.  For  centrally  directed  forces,  p  (average)  «  4.5  ^  , 
which  was  Identical  with  the  unlfozm  load  case  where  p^  (average)  Is 
the  total  load  divided  by  the  circumference.  This  iq>lles  that  the  spe¬ 
cific  load  distribution  nay  not  be  overly  critical  In  some  cases. 

For  the  test  specimens  of  blinder  groups  A,  B,  D,  and  E,  p^  «  135 
psl  and  for  gro\q>  C,  p^  ■  5>1  pal  from  equatlOT  3 >2  for  the  lowest  mode. 
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Othor  investigators,  e.g.  Donnellan  (1964),  have  tested  cylindri¬ 
cal  shells  in  vhlch  the  longitudinal  bovoodarles  were  supported  and  as  a 
result  the  the<nretical  buckling  equaticm  becane  a  function  of  the  cylinder 
length,  i  .  Tinoshenko  and  Gere  (1962,  p  U78)  derived  the  expression  for 
a  simiy  supported  shell,  v  >  —9  =  0  vhere  v  is  the  deflectlcm  of  the 
Middle  surface  in  the  radial  direction  and  x  is  the  cylinder  coordinate 
in  the  longitudinal  direction.  Fig.  3.1. 
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2  ,  2n  - 

n  -  1  4  == - 
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vhere  p^  Is  the  theoretical  buckling  pressure,  and  h  is  the  vail  thick¬ 
ness.  The  nuid>er  of  half-vaves,  n  ,  into  \diich  the  shell  buckles  Increases 
as  the  length  of  the  shell  decreases  and  as  the  thickness  of  the  shell  de¬ 
creases.  Taking  the  liait  of  equation  3*3  as  the  length  becooes  long 
(appiroaches  infinity)  yields  the  equation  for  a  long  tube  or  structure 


^  (1  -  v^) 


3.4 


vhere  v  Is  Poisson's  ratio  of  the  cylinder  aaterial. 

For  a  value  of  v  >  O.3  ,  equation  3.4  for  a  long  cylindrical 
shell  differs  froM  equation  3*1  for  a  ring  by  only  10  percent. 

Araenakas  and  Hemaum  (I963)  reanalysed  the  shell  tMise  and 
presented  convenient  grigAis  to  allow  rapid  assessaent  of  the  critical 
buckling  nuiribar  n  ccnrresponding  to  values  of  . 

3.2.2  Soil  Msdiua  Anproatlaated  by  Elastic  aupport 

Cheney  (1963»  P  4l)  derived  an  expression  for  the  critical  buck¬ 
ling  pressure  (p  )  of  a  ring  vlth  redial  elastic  support.  Fig.  3.5* 

w 
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P 


c 


n  >  2 


3.5 


in  vhlch 


This  leads  to  a  convenient  approxination 


^0  =  P 

vhere  k  is  the  spring  constant  in  psi  per  in.  of  radial  deflection, 
z 

Cheney  (196^)  pointed  out  that  equation  3*7  underest a.inate8  the  buckling 

load  no  oore  than  ty  10  percent  for  n  greater  than  3  and  less  them 

1  percent  for  n  greater  than  10.  For  vanishing  values  of  k  and  for 

z 

n  less  than  3j  the  exact  expression,  equation  3.3>  oust  be  used  uecause 
equation  3*7  is  not  suited  to  sssall  values  of  the  spring  constant  or  n  . 

Tbe  great  difficulty  involved  in  applying  this  type  of  equation 
is  the  evaluation  of  an  appropriate  spring  constant,  k  ,  for  the  soil. 

TO  facilitate  cosuparison,  equati<xi  3.7  can  be  rewritten  as 
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Meyerhof  and  Balkie  (1963>  P  13)  urived  at  an  elastic  buckling 
equation  by  aodlfying  the  theory  of  flat  plates  cm  an  elastic  foundation. 
Their  equation  nay  be  written  as 


(n  ♦  1)®  -  1  H  ^  V 

•  1  -  (n  ♦  1)^  -  1 

vhere  k^  is  the  coefficient  of  soil  nmction  ("subgrade  nodulus"). 
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For  large  values  of  n  this  can  be  reduced  to 


/  k  El 

~  ^  V  (1  -  V^)R^ 


3.10 


n  2\  °  a/IT 

“  V  (1  -  v^) 


3.11 


Equation  3*11  differs  from  Cheney's  equation,  3*8,  only  by  the  factor 


(1  -  v*^). 


Luscher  and  Hoeg  (196^,  p  35)  used  an  approach  of  Hetenyi  (19^6) 


to  arrive  at  an  equation  for  critical  buckling  pressure  (p^)* 


where 


P,  -2 


V  • 


■‘)s 


3.12 


3.13 


These  can  be  sisqplified  for  higher  order  buckling  modes  to 


Pi 


3.11* 


“or  *  Vth 
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where  «  coefficient  of  elastic  soil  reaction  (having  the  units  pel  per 
strain).  Luscher  and  Hoeg  (I96U,  p  1^3)  expressed  k^  In  terms  of  the 
constrained  tangent  modulus  of  the  soil  and  the  thickness  of  the  soil  sup¬ 


port.  For  the  Ottawa  sand  which  they  used,  the  equation  was  written  as 


3.16 
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vhere  f(R)  Is  a  function  of  the  depth  of  burial. 

Newmark  and  Merritt  (1963)  considered  a  slsillar  problen. 
All  of  the  above  can  be  suanarlzed  by  the  folloving: 


The  application  of  this  type  of  formila  revolves  around  an  ability  to 
arrive  at  an  appropriate  value  of  the  coefficient  of  soil  reaction.  Ibis 
will  be  discussed  in  Chapter  6. 

3-2.3  Soil  Medlua  Approxiaated  by  an  Elastic  Mediiai 

Forrestal  and  HerroMnn  (I96i»)  derived  a  budding  equation  for  a 
long  cylindrical  shell  subjected  to  unifora  external  pressure  exerted  by  a 
surrouT'^ing  elastic  aedixa.  Fig.  3-6*  The  solution  for  the  usiboaded 
(shear  stresses  between  the  shell  and  the  Bediun  are  absent)  can  be  ex¬ 
pressed  as 

*^f  *  ^  p3  (1  ♦  v^)  (1  -  2v^)  (n  ♦  i)  ♦  n 

vhere  p^  is  the  critical  buckling  pressure,  la  the  Young's  aodulua  of 
the  BediuB,  and  is  tl^  Poisson's  ratio  of  the  SMdiUB-  Solatlona  for 
the  bonded  case  were  also  presented  but  were  Bare  coapUeated  and  did  not 
give  results  which  varied  greatly  froB  those  for  the  unbonded  case. 

3.3  Inelastic  Acti<» 

After  the  cross  section  has  yielded  in  hoop  coapreasion,  it  can 
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continue  to  yield  or  strain  for  sane  tine  before  structural  collapse.  It 
is  bypothesiaed  that  sudi  failure  can  be  defined  by  the  Judicious  choice  of 
a  ductility  factor.  Newnark  and  Kaltivanger  (1962)  defined  this  factor, 

,  as  the  ratio  of  the  naxinuB  deflection  to  the  deflection  at  yield. 
Ductility  factors  for  coopression  nesibers  have  been  assusied  to  be  in  the 
range  I.3  to  1.3' 

3.h  Characteristic  Ring  Paraanter 

In  order  to  caviare  the  result?  of  imri  wi..  tests  run  by  differ¬ 
ent  investi^tors ,  it  is  necessary  to  have  a  paraneter  which  the  ring 
can  he  adequately  desci'lbed.  Various  grcsxpings  hsve  been  used,  e.g. 
radius  to  thickness  ratio,  dissK^ter  to  thickness  ratio,  and  these  quan¬ 
tities  weighted  in  sons  fashion  by  the  aodulus  of  elasticity. 

The  quantity  >4  appears  as  a  parameter  in  all  of  the  afore- 

ir 

■sntiooed  buckling  equations  and  appears  to  be  a  c<»venieot  Indai  far  the 
elastic  action  of  rings. 

Stiffheas  be  defined  as  the  force  required  to  produce  a  unit 
deflection.  Fhr  a  lar^e  variety  of  loading  configurations  this  is  a  func¬ 
tion  of  %  .  Fig.  3*T  lllustra^ee  a  mad>er  of  these  loading  conditions, 
■sngr  of  uhldi  were  investl^ted  by  Lane  il960>  p  SB7)* 

Folnt  load,  F  (Fig.  3*7h): 


60^  tnai«le  (Fif .  3  Th)! 

Tr-  .  0.7 

3.18 

90^  tnai«le  (ng  3'7c)i 

SM  ,  ag  H 

3*19 

s  22  ^ 

3.20 
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120®  triangle  (Pig.  3.7<i): 

p(2R)  _ 
\  ' 

180®  triangle  (Pig.  3-7e): 

Parabolic  (Pig.  3-7f): 

Unlfom  (Pig.  3*7g): 

Side  support  (Fig.  3*7h): 

Uniform  radial  (Fig.  3.^a): 

tLSl . 

19  a 

3.21 

l6^ 

3.22 

R-^ 

3.23 

12 

r3 

3.2U 

12  (1 

-9)ii 

3-25 

0  Ch 
**  R 

3.26 

where  ^  is  the  decreese  in  vertlcel  dis*eter>  %  Is  the  retio  of  the 

horltontsd  to  the  verticml  pressure,  ai.<d  h  is  the  ring  veil  thickness. 

El 

It  elso  ejppeere  thet  the  perowter  any  provide  e  seens  for 
differentletlng  hetveen  so-celled  stiff  end  flexible  bwled  qrllnders.  The 
love  FonuU  (Fig.  2.\c)  cma  be  revritton  es 


^h 


0*06l(k  R)  ♦  ^ 

0.06 


3.2? 


vhere  £i^  Is  the  Increese  in  borlsootel  dieaeter.  If  e  flexible  structure 

SI 

is  defined  es  tfhOM  stiffness,  ,  hes  less  thin  e  10  percent  Influ- 
ence  on  elastic  defonestlon  rcletive  to  the  influence  of  the  soil,  then, 
fron  equation  3.27#  a  stiff  structure  Is  one  in  which 


2k- 


~  >  0.6l(k  R) 


3.2a 


In  a  dens<^  sand  medium  (with  k  R  =.  E'  -  1000  as  suggested  by 

s 

Watkins  and  Nielson  (196^^  P  173)) »  ^  cylinder  is  stiff  if  ^  >  61O  psi 
from  equation  3*28.  In  a  clay  (with  E'  =  9^0),  it  is  stiff  if  *-4  >  550 
psi.  These  stiffness  values  are  greater  than  those  required  to  prevent 
buckling  for  overpresstires  lower  than  150O  psi. 

Other  approaches  have  been  suggested  to  arrive  at  relative 
stiffness.  Meyerhof  and  Baikie  (1963)  indicated  that  the  relative  stiff¬ 
ness,  S  ,  of  a  culvert  with  respect  to  the  soil  is 


(1  -  v^)k 


3.29 


-  2{  I  -  Vg)EI 

V  (1  -  v^)E 


3.30 


where  v  is  Poisson's  ratio  of  the  soil.  Davisson*  suggested  that  rela- 
s 


tive  stiffness,  ,  could  be  expressed  as 


^1  = 


3-31 


and  that  a  typical  discriptor,  TD  ,  would  be 


I'D  =  — 


3.32 


No  numerical  limits  have  been  established  to  differentiate  be¬ 
tween  stiff  and  flexible  structures  on  the  basis  of  these  equations. 


*  Private  communication  with  M.  T.  Davisson,  Professor,  Department  of 
Civil  Engineering,  University  of  Illinois,  June  1964. 
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Qiialltatlvely ,  a  flexible  structvtre  nay  be  thou^t  of  as  one  which  deforms 
(vertical  change  or  volumetric  change)  more  than  the  medium  replaced  would 
have.  However,  this  concept  has  Its  greatest  applicability  In  the  assess¬ 
ment  of  overall  arching. 

Flexibility,  In  the  structural  sense  that  It  will  deform  suf¬ 
ficiently  to  mobilize  the  passive  resistance  of  the  side -supporting  soil, 

appears  to  be  assured  for  a  structure  made  of  ductile  material  whose  value 

El  ^ 

of  is  less  than  about  600  psi. 


CHAPTER  k.  EXPERIMEIJTAL  PROCEDURE 


U.l  Description  of  Cylinders 

Considerations  In  Selection  of  Design 

A  nujnber  of  practical  considerations  were  influential  in  the 
selection  of  the  cylinder  material  and  the  geometric  dimensions  for  the 
tests. 

Aluminum  was  selected  for  the  cylinder  material  because  it ,  in 
general,  is  not  strain-rate  sensitive  according  to  Steidel  and  Makerov 
(i960)  and  Smith  (1963).  It  has  a  face-centered,  cubic,  crystalline, 
lattice  structure  and  exhibits  a  continuous  stress -strain  curve  with  no 
sharp  yielding  zone.  Steel  was  rejected  because  of  its  unpredictable  yield 
strength  under  dynamic  loading.  Massazd  and  Collins  (1958)  and  Wright  and 
Hall  (I961t^)  have  proposed  methods  of  taking  this  strain-rate  effect  into 
account,  but  it  was  considered  best  to  avoid  adding  this  parameter  to  the 
stvidy.  Plastics  are  made  of  long  chain  molecules  which  possess  no  ordered 
geometric  pattern  of  structure,  and  hence  are  not  only  strain-rate  sensi¬ 
tive  but  also  experience  a  brittle  failure  under  rapid  loading  as  indicated 
by  Dietz  and  McGarry  (1956)  and  Hall  (1958). 

The  relative  size  of  the  cylinders  was  dictated  by  the  dimensions 
of  the  University  of  Illinois  2-ft -diameter,  500-psi,  loading  device.  As 
a  result,  it  can  be  assumed  that  for  shallow  bixrlal  no  load  was  lost  due 
to  the  effect  of  sidewall  friction,  and  hence  that  the  free-field  vertical 
soil  pressure  imnediately  above  the  cylinder  was  equal  to  the  surface  over¬ 
pressure.  Measurements  by  Hanley  (1963)  have  shown  this  to  be  a  reasonable 
assumption. 
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The  specific  cross-sectional  dimensions  were  determined  by  con¬ 
sideration  of  two  factors.  First,  it  was  essential  to  have  specimens  that 
would  fail  under  the  maximum  available  pressure.  In  this  regard,  it  was 
also  desirable  to  take  full  advantage  of  the  high  pressure  capability- 
available  by  concentrating  on  specimens  which  would  be  too  strong  for  \ilti- 
mate  strength  studies  in  other  facilities.  Second,  in  -view  of  the  high 
cost  of  specimen  preparation  and  the  desirability  of  testing  a  latrge  n-umber 
of  cylinders,  commercially  available  tubing  was  sought. 

The  length  was  governed  by  the  desire  to  have  a  somewhat  real¬ 
istic  proportion  between  length  and  diameter,  and  by  the  need  for  enough 
length  to  smooth  out  any  local  disturbances  caused  by  the  presence  of 
either  the  outside  strain  gages  or  end  walls.  Also,  the  length  should  be 
long  enough  to  allow  two-dimensional  behavior  and  short  eno’igh  to  fit  con¬ 
veniently  into  the  tank. 

The  closure  plates  (end  caps)  for  the  ends  of  the  cylinder  were 
designed  so  that  no  axial  loading  would  be  transferred  -bo  the  cylinder, 
while  at  the  same  time  retaining  free  radial  motion. 

4.1.2  Cylinder  Material 


0 


-.v. 


Although  all  of  the  cylinders  are  made  of  aluminimi,  alloys  with 
three  different,  nominal  yield  strengths  were  involved.  The  stress- 
strain  properties  of  the  materials  were  experimentally  obtained  and  are 
discussed  in  Appendix  A.  The  modulus  of  elasticity,  E  ,  was  found  to  be  a 
constant  value,  10  x  10^  psi.  Two  yield  values  were  determined:  a  lower 
yield  point,  (which  is  hard  to  define  and  probably  no  more  accurate 
than  +10  percent),  corresponding  to  the  first  noticeable  deviation  from 
elastic  behavior;  and  an  upper  yield  point,  o^g  ,  corresponding  to  the 
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stress  which  would  result  in  0.2  percent  permanent  strain.  These  values 
are  suzsDiarized  in  Table  U.l. 

4.1.3  Cylinder  Geometry 

The  outside  diameter,  d  ,  for  all  cylinders  was  3 ’5  in.  Microm¬ 
eter  measurements  of  the  horizontal  and  vertical  diameters  prior  to  each 
test  indicated  that  the  greatest  deviation  was  percent.  The  larger 
diameter  was  oriented  vertically  for  the  test.  The  length,  i  ,  was  a  con¬ 
stant  10.5  in.,  making  the  length-to-diameter  ratio  for  all  cases  equal 
to  3*  Two  wall  thicknesses  were  used,  O.O65  in.  and  0.022  in.  No  devia¬ 
tion  in  thickness  was  found  to  be  greater  than  jjO.OOl  in.  A  longitudinal 
section  of  a  cylinder  is  shown  in  Fig.  4.1,  and  the  geometric  values  are 
summarized  in  Table  4.1. 

4.1.4  End  Conditions 

The  conditions  at  the  ends  of  the  cylinder  represent  a  free 
boundary.  The  end  caps  prevented  the  transfer  of  any  axial  load  to  the 
cylinder  emd  the  clearemce  of  0.05  in.  at  each  end  was  sufficient  to  allow 
for  radial  motion.  One  layer  of  commercial,  paper  masking  tape  was  used 
to  hold  the  cylinder  in  place  between  the  end  caps  during  handling  and 
placement  in  the  soil. 

4.1.5  Natural  Period  of  Vibration 

In  dynamic  problems  it  is  sometimes  necessary  to  know  the  natural 
period  of  vibration  of  the  structure  for  all  loading  conditions  except  a 
step  pulse.  For  circular,  cylindrical  structures  buried  underground  the 
procedure  for  determining  the  period  is  not  well  established.  However,  a 
good  approximation  can  be  made  by  finding  the  period  of  a  cylinder  in  air 
and  making  appropriate  corrections  to  account  for  the  soil. 
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The  natural  period  of  the  pure  radial  vibration  of  a  complete 
ring  is  given  by  Timoshenko  and  Young  (l955,  p  ^26)  as 


where 


T  =  2it 
c 


T^  =  natural  compressive  period 


y  =  specific  weight 

R  =  radius  of  the  center  line  of  the  ring 
E  =  modulus  of  elasticity 

g  =  acceleration  due  to  gravity 

^6  2 
For  this  study  y  =  169  Ib/ft"^  ,  E  =  10  x  10  psi,  g  =32.2  ft/sec  ,  and 

R  =  1.72  in.  (groups  A,  B,  D,  E)  or  1.7^  in.  (group  C).  The  calculations 


yield  for  all  cylinders 


T  =  0.06  msec 
c 


For  comparison,  consider  the  period  of  the  fundamental  mode  of 
flexural  vibration  given  by  Timoshenko  and  Young  (1955»  P  ^29)  as 


where 


=  natural  flexural  period 

A  =  area  of  the  cross  section  perpendiciHar  to  the  ring 
center  line 

I  =  moment  of  inertia  of  the  cross  section  perpendicular  to 
the  ring  center  line 


This  may  be  rewritten  as 


where  h  »  thickness  of  the  ring. 
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!nie  substltirtion  of  eqviatlon  4.1  Into  equation  4.4  yields 


For  this  study  h  =  O.065  In.  (groups  A,  B,  D,  E)  or  0.022  In.  (group  C). 
Ihe  calculations  yield 

=  1.9  msec,  groups  A,  B,  D,  and  E  4.6 

=  5*6  msec,  group  C  4.7 

The  soil  acts  In  tvo  vays  to  modify  the  foregoing  expressions  for 
the  natural  period.  It  tends  to  stiffen,  and  at  the  same  time  to  add  mass 
to  the  structure.  The  effect  of  the  mass  of  soil,  virtual  mass,  which  must 
be  accelerated  along  with  the  burled  structural  elements  can  be  treated  In 
the  manner  suggested  by  Merritt  and  Newmark  (1964,  p  23);  but,  the  deflec¬ 
tions  observed  In  this  study  for  the  small  cylinders  were  of  such  small 
magnitude  that  It  Is  unlikely  that  eusy  appreciable  amount  of  additional 
mass  should  be  Included.  The  stiffening  effect  Is  even  less  susceptible 
to  quantitative  assessment. 

4.2  Description  of  Soil 

4.2.1  Considerations  In  Selection  of  Test  Solis 

Although  considerable  thought  Is  being  given  to  what  soil  param¬ 
eters  govern  soil-structure  Interaction,  no  coogplete  answer  Is  presently 
available.  Therefore,  It  was  desirable  to  use  soils  at  each  end  of  the 
spectrum,*  and  at  the  same  time  soils  whose  shear  strength  and 


*  1st  Lt.  A.  J.  Hendron,  Jr.,  Ph.D.,  "A  Short  Technical  Note  on  the  Ex¬ 
tremes  In  Soil  Types  in  Regard  to  lynamlc  Soil-Structure  Interaction," 
Vicksburg,  Miss. ,  July  22,  1964. 
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stress -strain  properties  could  be  docujnented  for  future  reference.  A  nev 
soil  environment  was  built  for  every  cylinder;  hence,  the  in-place  proper¬ 
ties  of  the  soils  used  had  to  be  reproducible.  Dense,  dry  sand  and  a  clay 
of  hi^  plasticity  were  selected.  The  sand  was  uniformly  graded  because  a 
given  density  was  thought  to  be  more  reproducible  in  a  uniformly  graded 
sand  than  in  a  well-graded  seuid. 

4.2.2  Semgamon  River  and  Cook’s  Bayou  No.  1  Sands 

The  Sangamon  River  sand  has  been  used  extensively  in  tests  at  the 
University  of  Illinois.  It  was  used  in  a  dense  (D^  =  dry  condition 

as  the  soil  environment  for  the  testing  of  cylinder  groups  A,  B,  and  C. 

The  Cook's  Bayou  No.  1  sand  (Dj.  =  79^^)  has  been  used  for  several  experi¬ 
ments  at  WES;  extensive,  dynamic  one -dimensional  and  triaxlal  tests  are 
planned  in  the  near  future  to  expand  the  knowledge  of  its  prc^rtles.  It 
was  used  for  group  E.  The  characteristics  of  both  sands,  together  with 
the  placement  techniques  employed,  are  outlined  in  Appendix  B. 

4.2.3  Buckshot  Clay 

This  particular  clay  (CH)  was  selected  for  the  group  D  cyllndera 
because  of  the  e;qperlence  at  WES  in  its  use.  However,  .even  with  this  kind 
of  knowledge  available,  great  difficulty  was  experienced  in  developing 
placing  methods  adaptable  to  this  study.  The  properties  and  placement 
techniques  are  discussed  in  Appendix  C. 

4.3  Loading  Devices 

Experimental  work  in  this  area  has  required  the  development 
of  new  testing  machines. 

4.3.1  lUinois 


The  equipment  used  in  the  first  stage  of  this  study  van 
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originally  developed  by  Egger  (1957)  and  later  modified  to  permit  simula¬ 
tion  of  blast  loading  by  Sinnaroon  emd  others  (l96l)>  Its  capabilities  are 
described  by  Slnnamon  and  Nevmark  (1961)^  and  it  has  recently  been  used 
by  Hanley  (I963)  to  study  the  interaction  between  sand  and  vertically 
oriented  cylinders. 

Hie  container  is  a  vertical  cylinder  26-3/h  in.  high  and  23-lA 
in.  in  diameter.  A  l/32-in. -thick  neoprene  diaphragm  is  placed  over  the 
soil  surface  to  prevent  gas  penetration.  Then  a  spacer  ring  is  positioned, 
followed  by  the  static  or  dynamic  loading  head.  The  device  is  illustrated 
in  Fig.  h.2.  Both  the  static  and  dynamic  loads  are  provided  by  a  com¬ 
pressed  gas  system.  Although  the  equipment  is  capable  of  producing  rise 
times  in  the  neighborhood  of  3  ^sec  by  using  helium  gas,  this  study  was 
conducted  with  nitrogen  gas  because  it  is  less  expensive  and  because  the 
3  msec  rise  time  apparently  offered  little  advantage  over  the  I3  msec  rise 
time  (rapid)  with  nitrogen  gas.  A  typical  overpressure-time  relation  is 
shown  in  Fig.  U.3.  No  reflection  of  the  incident  wave  on  the  bottom  was 
noted . 

If. 3.2  ^ 

Cylinder  groups  D  and  E  were  tested  in  the  Small  Blast  Load 
Generator  (SBLG)  facility  at  WES.  This  was  the  first  extensive  experi¬ 
mental  program  coapleted  in  the  SBLG  and  hence  a  number  of  problems  in 
technique  had  to  be  resolved  during  the  course  of  the  investigation.  The 
dynamic  overpressure  is  applied  by  the  detonation  of  two  parallel  lines 
of  PETU  in  the  form  of  prlmacord.  The  effective  overpressure-time  relation 
(dynauBic)  is  shown  in  Fig.  4.3.  The  early  part  of  the  curve  was  obtained 
by  averaging  th#  maxiBwm  ai^  Bd-nimum  points  in  adjacent  oscillations. 
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Although  the  amplitude  of  the  osclllatlona  varied  as  much  as  percent 
from  the  average,  the  impulse  was  so  small  (10,000  and  20,000  cps  ringing) 
that  the  approximation  in  Fig.  U.3  is  Justified.  The  high-frequency 
signals  were  probably  caused  by  the  nonshock  Isolated  gage  mounts.  Ihe 
pressure  distribution  on  the  surface  is  within  +10  percent  of  being  a  plane 
wave  according  to  Kennedy  emd  Sadler  (1965). 

The  loader  is  a  cylindrical  ring  device,  46-3A  in.  in  diameter. 
For  these  tests  an  average  soil  replacement  depth  of  2  ft  was  used.  The 
layout  is  shown  in  Fig.  4.U.  The  static  tests  of  group  D  were  run  with  a 
rigid  concrete  base  (ill).  The  static  tests  of  gro\q>  E  along  with  the 
dynamic  tests  of  both  D  emd  E  were  conducted  with  a  pseudo-infinite  base 
(ll)  to  avoid  the  dynamic  disadvantages  of  the  rigid  b~^e. 

The  "infinite"  base  is  a  column  of  sand  extending  9  ft  below  the 
floor  level.  This  column  had  been  previously  loaded  man^'  times  to  500  psi, 
and  no  further  compaction  was  observed.  Two  feet  of  sand  above  floor  level 
was  replaced  for  each  sand  test.  For  the  dynamic  clay  teats,  a  rubber 
diaphragm  was  inserted  at  floor  level  to  separate  the  lover  sand  column 
from  the  upper  2  ft  of  clay. 

The  operation  of  the  loading  device  has  been  outlined  by  Boynton 
Associates  (i960),  and  the  U.  S.  Amy  Engineer  VAiterways  Experiment  Station 
(1963)  ai^  an  evaluation  study  Is  being  made  by  Kennedy  and  Sadler  (1963)> 
U.4  Instrumentation 
U.4.1  General 

Ikstal  film  strain  gages  were  used  to  measure  hoop  strain  on  the 
inside  and  outside  of  the  cylinders  (Fig.  U.l).  Static  deflection  gages 
were  made  from  brass  shim  stock  and  individually  calibrated.  The 
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transducers  and  techniques  are  discussed  in  Appendix  D. 

U.4.2  Illinois 

Ihe  instrumentation  used  is  pictured  in  Fig.  U.5.  llie  active 
strain  gage  on  the  cylinder  was  one  arm  of  a  four-arm  bridge.  The  dually 
gages  were  mounted  on  Isolated  metal  strips  outside  the  test  tank.  Multi' 
conductor  cable  was  used  initially,  but  it  was  found  that  two -coni  actor 
shielded  cable  provided  a  better  barrier  to  spurious  noise  in  the  system. 

The  eight  hoop  strain  gages  were  hooked  to  a  bank  of  Consolidated 
Electrodynamics  Corporation  (CIX:)  carrier  aa5>lifiers,  'IVP«  1-127.  A 
12-channel  CEC,  direct-write,  recording  oscillograph  Type  5-121*  with  avail¬ 
able  paper  speeds  of  0.5.  2,8,  32,  and  128  in. /sec  was  used.  The  two 
deflection  gages  each  formed  two  arms  of  a  bridge  and  were  fed  througb 
DANA  d-c  aa^liflers  to  the  oscillograph.  For  the  static  tests,  the  slowest 
paper  speed  was  used.  A  timing  trace  of  2  cps  and  one  reference  (d«Ml) 
trace  completely  utilized  all  of  the  available  channels.  The  overpressure 
was  read  on  an  auxiliary  Bourdon  gage  with  the  i.laing  trace  Intempted  at 
predesignated  pressure  levels.  Modi fl cat i(xi8  were  made  for  the  rapid  tests. 
The  output  of  the  strain  gage  aj^llflers  was  split  so  that  it  was  placed 
on  both  the  oscillograi^  and  a  ftoneywell  81OO  tape  recorder  (as  a  back-up 
record).  Additional  DAKA  asplifiers  were  used  to  drive  the  tapes.  The 
timte  base  frequency  was  increased  to  5OO  cps.  The  output  of  a  Kistler 
Instrument  Corporation,  piezoelectric,  pressure  irnnsducer,  whi  h  vns  in 
series  with  a  Kistler  calibrator  and  charge  amplifier,  was  used  to  recori 
pressure.  The  recording  p^r  was  driven  at  the  fastest  speed  possible, 

128  ln.<^sec. 

The  ftequmcy  response  of  the  oscillograirti  system  was  limited  to 
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that  of  the  CEC  7*36^*  galvenooseters ,  500  cpe.  The  tape  system  had  a  fre¬ 
quency  response  of  at  least  3000  cps  and  a  few  records  reproduced  directly 
from  the  tape  indicated  that  no  frequencies  higiier  than  5>00  cps  were 
present . 

The  equiianent  used  for  group  E  (the  first  test  series  at  VE'?)  and 
the  evaluation  of  the  overpressure -time  signature  is  shown  in  Fig.  h.6. 

The  Wheatstone  bridge  was  set  iqp  as  in  the  Illinois  tests.  The  Sensor 
Analog  Module  (SAM)  an^lifiers  used  are  d-c,  and  hence  the  dynamic  fre¬ 
quency  response  vstn  again  limited  by  the  galvanometer  capabllitiet ,  2500 
cpe  (CEO  T-362). 

After  the  group  E  tests  were  completed,  the  SBLG  facility  instru¬ 
mentation  was  moved  to  a  separate  area.  The  layout  used  for  the  group  D 
tests  is  shown  in  Fig.  I*.?.  In  this  case,  IWJA  asqpllfiers  cov^ji-d  with 
galvo  drivers  were  used. 

Overpressure  was  mcmitored  by  a  pair  of  iOOO-psi  Norwood  pres¬ 
sure  transdu  ers,  Model  2liC.  Addltltxaal  pressure  transducers  were  used 
and  their  output  recorded  on  tape  to  gain  hl|^«er  frequency  response 
(20,000  cps)  In  order  to  describe  adt*quateiy  the  hl^-frequency  character¬ 
istics  of  the  pressure-tisM  signature. 

Sources  of  Error 

Fotentlal  sources  of  error  are  present  throughout  the  system: 

{.)  Inexact  strain  ^e  placement  {*2%);  (2)  variation  in  gagr  factor  a:«d 
resistance  (♦!*);  (')  aaq?ilfier  nonlinearity  {*^)‘  {  0  ^Ivaaameter  non¬ 
linearity  (♦11t)i  and  (5)  properties  of  the  pressure  transducers  ( ♦51(). 

These  iaply  a  c<M)fidence  limit  of  no  better  than  ^11  percent  in  the 
instniMntat  ion  ^stem. 


CHAPTER  5.  :  JISENTATION  OF  EXPERIMENTAL  RESULTS 


5-1  Method  of  Presentation 
5«1*1  Qyllnder  Coding 

Table  5*1  outlines  the  overall  testing  program  for  the  k6  speci¬ 
mens  and  identifies  each  cylinder  with  its  respective  soil  environment, 
depth  of  burial,  and  type  of  loading.  The  notation  u^ed,  e.g.  A-3^  to 
identify  each  cylinder  (and  thus  each  test)  has  general  meaning.  The 
alphabetic  term.  A,  was  used  to  identify  the  original  12-ft  tube  from 
which  the  test  cylinder  was  cut  and  can  be  related  to  the  stress-strain 
curves  of  Appendix  A.  Cylinders  with  a  numerical  designation  1  through  5 
were  tested  statically,  while  those  designated  6  through  10  were  tested 
either  rapidly  or  dynamically.  In  Tables  5-2  through  5'11  the  tests  are 
presented  by  group  (A,  B,  C,  D,  E),  static  first,  in  the  order  of  increas¬ 
ing  depth  of  burial  within  the  group. 

5-1-2  Tables  of  Data 

The  digitized  strain  values  were  taken  from  the  oscillograph  rec¬ 
ords  at  points  corresponding  to  specific  values  of  the  overpressure  to  ob¬ 
tain  a  cause-and-effect  relation.  In  the  dynamic  tests,  peak  strain  values 
were  recorded.  These  experimental  strain  values,  together  with  diameter- 
change  values  (for  static  tests  only),  are  listed  in  Tables  5*2  to  5.11 
with  respect  to  overpressure. 

Use  of  a  dash  instead  of  a  number  indicates  that  the  results  were 
lost  due  to  Instrumentation  difficulties.  The  values  of  stress,  thr'-'t, 
and  moment  are  also  listed  in  the  tables.  The  gage  locations  are  identi- 
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5-1-3  Data  Plots 

The  values  of  strain  were,  in  general,  not  plotted  directly  in 
Figs.  5-1  to  5-^3  "because  an  appropriate  scale  to  show  the  large  inelastic 
values  would  h^/e  masked  the  much  smaller  elastic  strains.  The  stress  to 
cause  yield  and  the  thrust  to  cause  yield  are  shown  by  horizontal  dotted 
lines  in  each  figure.  "First  yield"  (Oy-j^)  represents  the  stress  at  a  point 
where  the  slope  of  the  stress-strain  curve  departs  from  the  initial  elastic 
slope  (e).  The  yield  value  corresponding  to  0.2  percent  permanent  strain 
is  the  "0.2  percent  offset  yield"  diagonal  dotted  line  labeled 

"uniform  radial  load"  represents  the  theoretical  relation  derived  for  a 
uniform  radial  load  equivalent  in  magnitude  to  the  overpressure,  Fig.  2. Id. 

Stress,  thrust,  moment,  and  diameter  change  (static  tests  only) 
are  plotted  as  ordinates  with  respect  to  the  surface  overpressure  as  the 
abscissa. 

The  symbols  used  to  identify  a  gage  location  are  presented  on 
each  figure  and  are  consistent  throughout.  The  inside  gages  are  repre¬ 
sented  by  open  symbols  and  the  outside  gages  by  closed  symbols >  The  cross 
sections  are  identified  by  the  applicable  open  symbol. 
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where  M  is  the  moment  in  the  y  or  tangential  direction,  Fig.  in 

V 

Tinits  of  pounds  (inch-pounds  per  inch),  and  N  is  the  thrust  or  in-plane 

y 

force  in  the  tangential  direction  in  xmits  of  pounds  per  inch.  For  the 
elastic  case  these  can  be  reduced  to 


5.3 


where  e  is  the  exterior  strain,  and  e.  is  the  interior  strain  at  the 
e  ^  i 

cross  section  in  inches  per  inch.  Compressive  strains  and  thrust  are  con¬ 
sidered  positive  in  the  presentation.  Moment  tending  to  compress  the  ex¬ 
ternal  fibers  is  positive. 


5.2.2 


To  reduce  the  large  mass  of  strain  data  to  applicable  stress, 
thrust,  and  moment  values,  a  program  (13-G1-Z5010)  was  written  in  FORTRAN 


for  the  WES,  GE  225  computer.  The  aluminum  stress -strain  ciurves  of 
Appendix  A  were  input  in  a  discrete  number  of  lineeir  segments  and  a  "table 
lookup  was  utilized  to  ccopute  the  elastic  and  inelastic  stress.  The 


strain  distribution  was  assumed  to  be  linear  across  the  section.  Singer 
(1951#  P  ^*09),  so  that  the  expressions  for  moment  and  thrust,  equations 
5.1  amd  5.2,  could  be  numerically  integrated  for  the  nonelastic  case.  The 


program  assvunes  that  the  material  stress-strain  properties  are  the  same 
in  both  tension  and  compression  and  that  any  unloading  takes  place  along 
the  original  load  curve. 


Values  of  q  are  listed  in  Tables  5.2  to  5*11.  As  used  in  this 
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context,  q  is  not  a  coefficient  of  earth  pressure,  but  merely  defines  the 
atio  of  the  average  thrust  at  the  crown  and  invert  divided  by  the  average 
thrust  at  the  spring  line.  Values  of  q  are  plotted  in  Figs.  6.1  to  6.3* 
5.3  Mode  of  Failure 

All  of  the  cylinders  that  failed,  failed  ty  a  catastrophic  snap- 
through  (caving)  of  the  crown.  A  noise  was  heard  at  the  moment  of  failure 
and  all  of  the  strain  gage  traces  were  instantaneously  driven  off  the  oscil¬ 
lograph,  either  by  being  overranged  or  by  shorting  out  electrically.  The 
last  recorded  strains  in  the  tables  are  those  at  the  moment  of  failure. 

The  failed  cylinders  are  shown  in  Figs.  5*^^  and  5*^5«  The  dis¬ 
torted  cross  section  of  two  cylinders  which  did  not  fail  are  shown  in 
Fig.  5*^6  (the  strain  gage  wires  are  evident  in  D-6),  and  the  postfailure 
clay  cor*riguration  is  illustrated  in  Pig.  A  plot  of  overpressure  at 

failure  versus  depth  of  burial  is  shown  in  Fig.  5*^* 

5.^  Stress,  Moment,  and  Thrust 

The  cylinder  groups  are  presented  in  the  order  A,  B,  C,  E,  and  V 
because  the  first  four  groups  were  in  a  sand  medixm  and  the  last  in  clay. 

5.4.1  A  Group 

The  static  test  data  are  presented  in  Table  5*2  and  plotted  in 
Figs.  5*1  through  5*6.  An  air  line  broke  at  400  psi  during  test  A-3' 

Fig.  5.4,  test  A-3A,  presents  the  data  up  to  that  point.  The  line  was 
repaired,  the  gages  were  rezeroed,  and  a  second  test,  A-3B,  Fig.  5.5#  vas 
run  up  to  500  psi.  The  values  of  stress,  thrust,  and  aonent  listed  for 
test  A-3B  were  computed  by  the  coniputer  program  on  the  assuaqption  of  no 
residual  strain.  Sample  calculations  based  on  the  more  realistic  assusp* 
tion  of  residual  strains  from  test  A<-3A  indicated  that  ^e  listed 
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values  are  no  more  than  about  10  percent  low. 

The  deflection  gages  were  not  suitable  for  the  rapid  testing, 
and  hence  data  from  them  do  not  appeea*  in  Table  5*3  nor  in  Figs.  >.7 
through  5*11« 

5.4.2  B  Group 

The  static  test  data  are  presented  in  Table  5-4  and  plotted  in 
Figs.  5.12  through  5 -IT*  The  B  group  was  the  first  group  to  be  tested,  and 
B-1  was  the  first  cylinder.  Test  B-IA,  Fig.  5*12,  terminated  at  300  psi 
because  no  higher  pressure  was  attainable  with  the  loading  device.  A  sub¬ 
sequent  modification  in  the  0-ring  configxjration  allowed  the  device  to 
attain  its  500-psi  static  capacity.  Test  B-1  was  rervm,  test  B-IB,  Fig. 
5.13#  and  the  cylinder  failed  at  315-psi  overpressure. 

The  rapid  test  data  are  presented  in  Table  5*5  plotted  in 
Figs.  5 *18  through  5*22. 

5.4.3  C  Group 

The  static  test  data  are  presented  in  Table  5.6  and  plotted  in 
Figs.  5.23  through  5.27.  The  rapid  test  data  are  presented  in  Table  5*7 
and  plotted  in  Figs.  5.28  through  5.3£. 

5.4.4  E  Group 

The  static  tests  were  run  as  diq;>licates  to  cheek  the  tests  of 
the  A  group.  Test  data  are  presented  in  Table  5*6  and  plotted  in  Figs. 

5.33  through  5.35.  The  dynamic  results  (peak  strain  values)  are  presented 
in  Table  5.9  and  plotted  in  Figs.  5*3^  and  5*37*  The  initial  pressure  rise 
of  the  dynamic  pressure  wave.  Fig.  4.3,  approximates  a  step  pulse.  Fbr 
this  region  a  strain-pressure  relation  is  unmanageable.  Therefore^  the 
dynamic  results  are  plotted  with  respect  to  the  circular  angle  B 
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(Fig.  4.1)  for  the  various  overpressures  attained.  No  fallxares  resulted 
from  the  maximum  available,  nominal  overpressure  of  2^0  psl. 

1?.4.5  D  Group  (Clay) 

The  static  test  data  are  presented  in  Table  5*10  and  plotted  in 
Figs.  5*38  through  5*^2.^ The  dyr^mic  results  are  presented  in  %ble  5*11 
and  plotted  with  respect  to  the  circular  angle  $  in  Fig.  5*^3*  The 
values  of  stress,  thrust,  and  moment  were  computed  by  the  computer  program 
on  the  assumption  of  no  initial  strain.  Sanple  calculations,  whldi  took 
into  account  the  strains  impressed  during  placement.  Indicated  that  the 
values  listed  in  Tables  5*10  and  5*11  no  more  than  about  10  percent  low. 
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CHAPTER  6.  .ANALYSIS  AND  INTERPRETATI(»i  OF  TEST  RESULTS 

Initially  this  discussion  will  concern  Figs.  5*1  through  5*^; 
then  other  detailed  comparisons  of  pertinent  aspects  of  the  data  will  be 

treated . 

6.1  Overall  Structural  Response 

6.1.1  A  Gro\ip  (Sangamon  Sand) 

Fig.  5*1>  test  A-1  (Z  =  0  in.),  depicts  the  structural  response 
of  a  relatively  stiff  cylinder  as  it  progresses  toward  failure  under  static 
loading.  This  is  a  typical  case  only  for  cylinders  buried  at  depths  ap¬ 
proaching  zero  depth  of  burial .  It  is  evident  that  the  stress  curves  are 
not  linear  functions  of  the  applied  pressure  even  in  the  elastic  range  of 
the  cylinder  material;  the  lower  stresses  (those  tending  to  tension)  are 
the  ones  most  susceptible  to  nonlinear  behavior.  The  agreement  of  the 
stress  levels  for  gages  2  and  4,  and  2a  and  4a  indicates  that  the  cylinder 
experienced  generedly  symmetric  response  about  the  vertical  axis.  The 
crown  and  invert  at  this  very  shallow  burial  did  not  exhibit  this  agreement 
in  response.  The  stress  at  many  gage  points  was  greater  than  the  first 
yield  stress  of  the  cylinder  material.  Only  the  stress  recorded  for  the 
outside  gage  at  the  crown,  la  ,  tended  to  pass  the  0.2  percent  offset  yield 
stress  of  the  material  (at  incipient  failure). 

Thrust  is  a  more  nearly  linear  functlcm  of  overpressure  than  the 
•tress  at  any  gage  point.  The  thrusts  at  the  four  cross  sections  are 
nearly  eq^ual  below  1$0  psi;  but  at  high  pressures  the  thrust  at  the  invert 
is  considerably  lower  than  the  thrust  at  the  crown  or  spring  line  for  the 


ease  ot  shallow  burial 
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The  decidedly  nonlinear  veo'iation  of  SBOBent  with  overpreasure 
above  100  psi  is  the  consequence  of  the  cylinder  readjusting  itself  imder 
load  and  probably  of  the  load  distribution  changing.  It  is  looportant  to 
note  how  the  magnitude  of  the  spring  line  moment  decreases  for  input  pres¬ 
sure  greater  than  200  psi.  It  is  at  this  pressure  that  the  stresses  ex¬ 
ceeded  the  first  yield  stress  of  the  structural  material.  Hie  change  in 
sign  of  the  crown  moment  is  of  concern.  For  the  structure  to  assume  an 
elliptical  shape  (with  the  major  axis  horizontal),  it  would  seem  that  the 
crown  moment  would  have  to  be  positive  throughout  the  loading.  However, 
this  is  not  the  case  for  pressure  levels  below  210  psi.  Coupled  with 
this,  the  diameter  changes  are  extremely  small  for  the  first  210  psi 
of  loading.  This  type  of  reversal  of  curvature  at  the  crown  was  not 
an  isolated  occurrence.  It  is  shown  in  the  results  of  test  A-5  in  Fig.  5*2 
and  in  other  cylinders  which  are  very  close  to  the  surface  boundai,7  and 
susceptible  to  collapse.  There  cure  a  number  of  possible  explanations  for 
this  phenomenon. 

1.  The  vertical  axis  was  slightly  greater  than  the  hori¬ 
zontal  axis,  and  this  by  itself  may  have  influenced  the 
sign  of  the  moment  prior  to  incipient  failure.  However, 
if  this  were  significant  it  voold  have  influenced  the 
moments  at  deeper  depths  of  burial. 

2.  The  external  strain  gages  and  their  respective  protec¬ 
tive  covering  could  cause  load  ccmcentrations  amiy  from 
the  gage  locations  by  activating  local  arching.  But, 
this  would  not  be  the  case  with  the  depth  of  burial,  Z  , 
equal  to  zero. 
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3*  Nonxmlfonnity  in  the  soil  medium  could  cause  uneven 
stress  distribution.  Again,  this  should  be  a  random 
occurrence,  while  the  phenomenon  is  iystematic. 

4.  Hie  tendency  to  buckle  in  a  mode  other  than  the  lowest 
mode  could  cause  local  moment  anomalies.  Higher  order 
buckling  modes  would  have  node  points  occurring  in  a 
random  fashion  even  though  collapse  came  by  a  full 
snap-through  (caving)  of  the  crown.  But,  here  too  the 
occurrence  would  be  random. 

5.  The  proximity  of  the  crown  to  the  surface  boundary  at 
very  shallow  burial,  relative  to  the  proximity  of  other 
points,  is  much  more  significant  than  at  deeper  depth? 
of  burial.  The  load  at  the  crown  is  fixed,  but  local 
arching  could  have  caused  an  uneven  load  distribution. 

At  the  deeper  depths  enough  soil  would  be  present  to 
siDooth  out  the  local  variations. 

DfliDeppo  (1963^  P  30)  concluded  that  the  magnitude  of  initial 
defomation  in  arches  was  important  in  controlling  the  flexural  response. 

Me  was  most  concerned  with  variation  in  the  initial  shape  Induced  by  back¬ 
filling.  However,  the  conclusion  would  spply  regardless  of  how  the  varia- 
tlcms  in  initial  shape  came  about.  Random  deviations  of  the  t^linder  froet 
circularity  could  result  in  random  moment  response.  But,  the  moment 
response  in  the  ];areient  invest igati<»k  mss  systematic  and  repeatable. 

I  Robinson  (1964)  recorded  moments  <m  a  cylinder  at  every  4>-degree 

point,  and  they  were  all  of  the  same  sign.  He  felt  that  this  was  due  to 
local  arching  of  the  soil  at  the  contact  between  the  external  strain 
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and  the  soil.  However,  the  data  were  not  reproducib' 

It  is  the  writer's  opinion  that  the  most  plausible  explsmation 
of  the  negative  mOTent  '.s  directly  related  to  the  proximity  of  the  surface 
boundary  causing  local  arching  to  neighboring  elements  of  the  cylinder.  The 
buildup  in  pressure  and  subsequent  nonuniform  loading  become  less  signifi¬ 
cant  at  the  higher  presstires.  At  depths  greater  than  l/Ud  (d/^)  the  crown 
moment  is  positive.  Fig.  6.1.  This  indicates  that  the  crown  response  is 
greatly  influenced  by  the  surface  boundary  at  depths  shallower  than  d/k  . 
Overall  arching  can  be  applied  to  the  crown  at  depth,  but  not  at  very  shal¬ 
low  burial. 

Test  A-5  (Z  =  3/16  in.).  Fig.  5*2,  agrees  very  well  with  test 
A-1  (Z  =  0  in.),  Fig.  5*1»  both  qualitatively  and  quantitatively,  with  two 
exceptions.  First,  the  overpressure  required  to  cause  failure  is  higher 
for  A-5*  Second,  the  invert  moioent  is  negative  in  A-5  and  positive  in  A-1. 
Again,  for  the  elliptical  geometry  one  would  expect  this  moBtent  always  to 
be  positive.  However,  it  appears  to  be  positive  or  negative  in  a  random 
variation.  This  could  be  a  result  of  geometric  imperfections,  Incipient 
high  buckling  tsodes,  or  the  character  and  nonuniformity  of  the  soil  bedding* 
The  latter,  ix^runlformity  of  the  soil  bedding,  appears  to  be  the  most 
reascmable  explanation  at  pressure  levels  below  3OO  psi.  In  many  tests, 

A-5  (Z  *  3/16  in.),  A-2  (2  *  7/16  in.),  etc.,  the  moment  at  the  invert 
changed  from  ne^tive  to  positive  at  pressures  gri  .er  than  3OO  pni*  ^ 
significance  of  the  initial  bedding  decreases  as  the  poretstire  level 
increases.  An  exception  is  test  A-^  (2  •  1-3A  in*). 

Also  In  test  A-5  (2  <  3/I6  in.)  a  vertical  dlaMter  increase  was 
recorded  at  50  and  100  psi.  1)iis  la  cocvatible  with  both  the  crown  and 


invert  moments  being  negative  at  that  pressure. 

Donnellan  {is6h,  p  29)  recorded  an  outward  displacement  of  the 
radius  at  the  invert  of  one  of  his  shallow-buried  cylinders.  The  present 
study  recorded  only  diameter  changes,  and  it  is  not  possible  to  tell  if  half 
a  diameter  (the  radius)  increased  while  the  other  half  decreased. 

Test  A-2  (Z  =  7/16  in.).  Fig.  5*3>  follows  the  trends  observed 
at  the  shallower  depths  except  that  no  failure  was  experienced  at  the  maxi¬ 
mum  machine  loading  capability  of  5OO  psi.  Additionally,  the  large  positive 
bending  moment  at  the  crown  observed  just  prior  to  failure  in  tests  A-1  (Z  = 

0  in.)  and  A-5  (Z  =  3/16  in.)  was  not  encountered  in  this  test.  Also,  the 
rate  of  change  of  moment  with  pressure  decreased,  indicating  local  arching. 

Again  at  about  200  psi  the  rate  of  vertical  diameter  change 
begins  to  appear  more  rapid  than  below  200  psi.  This  is  probably  a  result 
of  the  cylinder  material  reaching  its  yield  value  at  several  locations.  The 
moments  continue  to  decrease  at  overpressures  above  200  psi. 

Test  A-3A  (Z  =  7/8  in.).  Fig.  5*^;  exhibits  virtually  identical 
thrust  values  at  all  four  cross  sections  at  pressure  below  I50  psi.  However, 
at  higher  levels  it  establishes  the  generally  observed  trend  of  the  spring 
line  having  the  highest  thrust,  followed  by  the  crown,  with  the  invert  ex¬ 
periencing  the  least  amotmt  of  thrust.  This  is  probably  a  consequence  of  the 
bedding  providing  a  soil  environment  different  from  that  around  the  crown. 

The  test  (A-3A)  was  aborted  at  400  psi  by  a  broken  gas  line.  The 
pressure  went  to  aero,  the  line  was  repaired,  the  gages  were  rozeroed  on  the 
oscillograph,  and  a  second  test,  A-3B,  was  run  without  touching  the  cylinder 
or  the  soil.  From  Fig.  5*5  it  can  be  seen  that  some  aspects  of  the 
structural  response  changed  as  much  as  100  percent  as  a  result  of  this 
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cycling  of  the  load.  Ihis  gives  a  graphic  illustration  of  hov  initial, 
gecntetric  deformations  (plaatlc  set  in  this  case)  can  affect  moiBents.  Ihe 
crown  mcsnent  is  much  larger  on  the  second  cycle,  and  the  invert  inoinent  has 
changed  character  greatly. 

Test  A-4  (Z  =  l-SA  Fig*  5*6,  underwent  similar  response 

to  that  of  test  A-3A  (Z  -  j/8  in.)  with  the  exception  of  the  invert  moment 
which  continued  to  remain  large  throughout  the  test. 

The  only  variable  changed  between  the  static  tests,  A-1  through 
A-5»  ttnd  the  rapid  tests  (’  msec  rise  tine  to  500  psi),  A-6  through  A- 10, 
Figs.  5.7  through  5.ii,  was  tV.*  rise  time.  The  rapid  tests  in  general 
verified  the  static  tests,  but  several  differences  can  be  seen.  First, 
the  pressure  necc*ssary  to  cause  collapse  was  someidiat  hi^er  in  the  rapid 
tests .  This  nay  have  been  due  to  a  true  increase  in  capacity  or  to  the 
possibility  that  some  creep  mechanism  was  involved  which  resulted  in  failure 
appearing  at  a  slightly  higher  pressure  in  the  rapid  tests.  Second,  the 
values  of  the  thrust  are  about  20  percent  higher  in  the  rapid  tests.  This 
may  have  been  due  to  inertial  effects  in  the  soil  adding  load  to  the  struc¬ 
ture.  Third,  the  crown  moment  is  initially  positive  up  to  about  100  psi  in 
all  rapi.d  tests.  For  very  shallow  burial,  the  moment  changed  sign  and  was 
negative  to  about  250  psi;  then  it  became  positive  again.  Apparently,  the 
pressure  wave  struck  and  depressed  the  crown,  causing  the  initial  positive 
sment.  This  occurred  at  about  3  msec  which  was  sll^pitly  greater  than  the 
natural  period  of  vibration  in  the  first  flexiural  mode,  equation  k.6.  This, 
of  course,  Is  much  later  than  would  be  expected  if  equation  U.6  were 
directly  applicable. 

Although  the  syiBBietry  around  the  vertical  axis  was  good,  test  A-9 
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(Z  =  3/16  in.)>  Fig.  5*8,  illustrates  bow  the  spring-line  moments  can  differ 
by  as  much  as  ICX)  percent  (at  I50  pel)  while  the  spring-line  thrusts  agree 
well.  Also,  it  can  he  seen  that  the  disparity  is  not  constant  during  the 
whole  loading  cycle,  hut  rather  tends  tc  decrease  as  the  cylinder  material 
yields.  Also,  the  moment  changes  produce  deformations  \rtiich  tend  to  reduce 
disparities.  Test  A-7  (Z  =  7/8  in.).  Fig.  5*10,  is  a  good  illustration  of 
the  general  response. 

It  is  of  interest  to  plot  various  responses  of  the  group  together, 
as  shown  in  Fig.  6.1.  The  average  spring-lice  thrust  was  calculated  (refer 
to  Tables  5*2  and  5*3)  nnd  the  results  of  all  ten  tests  plotted.  It  can  he 
seen  that  all  of  the  test  results  fall  close  together  and  exhibit  a  linear 
increase  with  respect  to  pressure,  and  that  the  rapid  test  results  lie 
slightly  higher  (for  a  given  pressure  level)  than  the  static  results.  Data 
from  those  cylinders  which  failed  fall  right  along  with  those  from  cylinders 
which  did  not  fail,  indicating  that  thrust  by  itself  (without  some  link  with 
depth  of  burial)  will  not  be  an  adequate  failure  criterion  for  very  shallow 
depths  of  burial. 

The  crown  moment  plot  shows  how  closely  the  rapid  and  static 
tests  agree  at  pressures  above  100  psi.  The  crown  moments  are  always  posi¬ 
tive  at  depths  greater  than  d/4  . 

Ihe  average  of  the  crown  and  invert  thrusts  was  divided  by  the  av¬ 
erage  spring-line  thrust  to  form  the  ratio  q  .  This  is  plotted  in  Fig.  6.1. 
After  experiencing  a  large  range  in  values  at  pressures  below  200  psi,  the 
ratio  settles  into  a  band  between  0.6  and  0.8.  The  values  are  least  accu¬ 
rate  in  the  lower  pressxure  regions  and  are  most  influenced  by  the  initial  con 
ditions  created  by  the  soil  placement .  Disregarding  the  few  very  high  /alues 
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the  trend  is  to  start  at  about  0.4  (which  is  approximately  equal  to  the  coef¬ 
ficient  of  earth  pressure  at  rest),  increase  to  about  1.0  as  the  cylinder 
began  to  deform,  and  then  decrease  slightly  and  become  relatively  constant. 

The  vertical  diameter  changes  in  the  static  tests  are  also 
plotted  together.  There  is  a  decrease  in  diameter  change  with  depth  of 
burial  for  a  given  overpressure  that  is  noticeable  at  pressure  levels  above 
250  psi.  This  reflects  the  stiffening  effect  of  the  soil  as  the  depth  of 
burial  Increases. 

6.1.2  B  Group  (Sangamon  Sand) 

The  B  group  differs  from  the  A  group  only  in  the  value  of  the 
yield  stresses.  Hie  B  group  had  about  twice  the  yield  value  of  the  A  group. 

The  pressure  causing  failure  was  consistently  higher  in  the  B 
group,  Table  ^.1,  indicating  that  the  yield  stress  probably  had  some  influ¬ 
ence  on  the  collapse  pressure.  However,  this  influence  does  not  appear  to 
be  large  in  these  tests. 

In  tests  B-IA  and  B-IB  (Z  =  0  in.).  Figs.  5.12  and  5.13,  the 
effect  of  cycling  is  again  seen  in  the  character  and  magnitude  of  the  crown 
moment.  It  is  also  significant  that  the  effect  of  the  cycling  is  not  vezy 
pronounced  at  other  locations  (which  did  not  yield  during  first  loading). 
Other  studies,  Dorris  and  Albritton  (1^5)  and  Albritton  and  others  (I965), 
have  also  shown  that  cycling  may  not  affect  the  reproducibility  more  than 
about  20  percmit  as  long  as  the  cylinder  material  rmnains  elastic. 

Test  B-3  (Z  a  I-3A  Fig*  5.16,  and  test  B-4  (Z  ■  2-5/B  in.), 

Fig.  5*17,  again  show  that  the  results  are  reproducible.  They  also  indioite 
that  mcnent  Increases  at  a  decreasing  rate  (birt  reoains  large  until  the  mate¬ 
rial  begins  to  yield). 
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Ibe  rapid  tests ^  Figs.  3 *18  throiigh  ^.22,  yielded  much  the  same 
ijjfonnation  as  the  static  tests.  Tests  B-9  (Z  =  1-3A  ®"^0 

(Z  =  2-5/8  in  ),  Figs.  5-21  and  5*22,  illustrate  the  smoothing  out  of  re¬ 
sponse  that  can  be  expected  with  deeper  depths  of  b\u:lal. 

A  sunmary  of  the  B  group  response  is  plotted  in  Fig.  6.2.  As 
with  the  A  groiqp,  the  spring-line  thrust  is  generally  linear  with  pressure 
up  to  a  level  equivalent  to  first  yielding  of  the  material.  The  values  of 
rapid  test  thrusts  are  larger  than  those  for  the  static  case.  The  vertical 
diameter  changes  fall  into  a  pattern  vith  each  other  and  are  lover  than 
those  of  the  A  group.  Fig.  6.1,  at  pressures  greater  them  200  psi.  The  q 
values  settle  into  a  band  between  0.5  and  0.8  for  pressures  greater  than 
300  psi. 

6.1.3  C  Group  (Sangamon  Sand)^ 

The  C  group  of  cylir^ers  was  only  one-twentieth  (l/20)  as  stiff 
as  the  A  emd  B  groi;q>s.  The  yield  stress  was  high  enough  that  all  of  the 
cylinder  strains  recorded  were  below  the  level  corresponding  to  0.2  percent 
permanent  strain.  Ibe  pressures  required  to  Induce  failure  were  lower  them 
in  the  A  and  B  groups  by  a  factor  of  2  or  3*  But,  again,  at  depths  greater 
than  one-eighth  the  diameter  no  failures  occurred.  Ibe  moments  in  the  C 
gro\Q)  were  substantially  smaller,  and  the  moneit  scale  for  plotting  was 
changed  by  an  order  of  magnitude  from  that  used  for  the  B  group. 

Teat  C-1  (Z  >  0  in.),  Fig.  5>23>  experienced  negative  moments 
at  all  four  cross  sections  and  the  vertical  diameter  increased  at  pressures 
above  25  psi.  This  was  probably  caused  ty  the  propensity  for  collapse  in 
a  high-ordor  bulling  mode. 

The  variability  in  moment  response  is  even  more  evident  in  these 
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very  flexible  cylinders  at  shallow  burial.  Tests  C-4  (Z  =  3/16  in 
Fig.  5*24,  and  C-2  (Z  =  7/16  in.).  Fig.  5*26,  both  experienced  positive 
moments  at  the  spring  line  and  the  horizontal  diameter  decreased  in  C~k. 
Donnellan  (1964,  p  26)  also  recorded  invard  movement  at  the  spring  line  of 
some  flexible  cylinders,  lliis  may  be  another  manifestation  of  a  tenden(y 
toward  a  high-order  buckling  mode. 

The  crown  thrust  was  larger  than  that  at  the  spring  line  in 
most  of  the  C  group  tests.  But,  g.  was  still  less  than  1.0  in  most  cases. 
Fig.  6.3*  Invert  thrust  was  low  and  probably  reflects  a  decrease  in 
vertical  pressure  between  the  crown  and  Invert.  TMs  also  shows  xq>  in  a 
lower  arching  ratio.  Section  6.4. 

Rapid  tests  C-6  through  C-9>  Figs.  3*28  through  5*31>  exhibited 
the  same  type  curvature  changes  at  shallow  burial  as  the  A  and  B  groups. 

The  initial  peak  positive  moment  occurred  at  about  3.3  msec  which  is  about 
half  the  natural  flexural  period  given  by  equation  4.7.  Test  C-10 
(Z  3  7/3  in.),  Fig.  3'32,  is  a  good  example  to  validate  the  argument  for 
application  of  the  ring  compression  theory  to  flexible  cylinders  which  are 
not  affected  by  the  surface  boundary. 

Test  C-9  (Z  «  7/16  In.),  Fig.  3*31>  exhibited  the  largest  applied 
pressure,  350  pel,  encountered  during  this  investigation.  This  was  the 
only  test  In  which  the  naxlnnm  pressure  deviated  from  300  pel.  The  re^nse 
ended  as  usual  whma  the  pressure  peaked,  but  the  cylinder  eoUspsed  about  a 
minute  later  as  the  pressure  was  about  to  be  manually  decayed.  A  stability 
problem  is,  of  course,  very  sensitive  to  sll^t  disturbance,  but  this  also 
points  to  a  possible  creqp  effect  redu^ng  the  resistance  to  budding. 

The  average  aprlag«>llne  thrust  values,  fig.  6.3>  show  more 
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scatter  tlian  the  previous  tvo  grQ^Q>s^  but  the  exclusion  of  test  C-2 
(Z  >  7/16  In./  radaces  the  spread  considerably.  Although  no  character¬ 
istics  of  the  test  Indicated  a  difference,  the  results  are  not  In  line 
vlth  the  rest  of  the  C  group. 

The  values  for  the  rapid  tests  are  higher  than  those  for  the 
static.  The  q,  values  for  pressures  greater  than  300  psl  lie  In  a  band 
between  about  O.7  and  1.0  with  the  ^ceptlon  of  test  C-2.  In  this  test 
the  q  values  are  higher  because  the  spring-line  thrusts  were  lover  than 
the  rest  of  the  C  group. 

6.1.U  E  Group  (Cook*s  Bayou  Sand) 

The  cylinders  used  In  the  E  group  were  Identical  with  those  of 
the  A  group  except  that  they  were  cut  fron  a  different  tube  (sane  noalnal 
aaterlal)  and  hence  had  a  slightly  different  yield  (Appendix  A).  The  three 
static  tests  vere  run  as  a  verlflcatlcm  of  the  reproducibility  of  the  A 
group  results  and  for  cosvarlson  with  dynaaic  tests  E-4,  E-|$»  and  E-6. 

The  thrust,  aommt,  and  dlaaeter  change  results  of  S-3  (Z  >  0 
In.)  are  plotted  together  vlth  coepanloo  values  frost  test  A-1  in  Fig*  5*33* 
nie  values  for  ^nist  are  cosparable,  but  the  spring-line  thrusts  of 
the  E  group  are  hli^er  than  those  of  the  A  gro«g>.  The  dlaaeter  chtni^ 
values  also  are  hl^r  and  only  the  spring-line  ncaaents  are  coepatible. 

B-3  failed  at  203  psl,  vhereas  A-1  failed  at  270  psl.  This  Is  reasonably 
good  agrssMsnt  for  such  a  bu^Olng  failure,  fevt  the  thrust  and  dleaeter 
change  trends  suggest  that  the  re^oose  vas  nore  unfavorahle  in  the  1  test. 
Dlftersnt  sands  vere  used  la  the  tvo  tests  but  they  have  shoot  the  sens 
strength  and  defonstlon  eharaeterlstlcs  (Appendix  B).  If  anything,  the 
Oook*e  Biyoo  tend  (B  grovv)  le  elightly  etlffer  then  the  Sengsaon  tend 
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(A^  B,  and  C  groups).  As  a  result.  It  Is  felt  that  the  variation  in  re¬ 
sponse  is  a  function  of  the  two  dlfferoit  nethods  of  placing  the  sand 
around  the  cylinders.  Ihe  Sangamon  River  sand  was  vlhrated  and  rodded  in, 
whereas  the  Cook's  Bayou  sand  was  sprinkled  into  place.  Dhls  lUiastrates 
one  of  the  difficulties  Inherent  in  comparing  results  tran  tests  in  which 
different  placesmnt  te<dmiques  were  used.  Conservative  conclusions  must 
be  drawn. 

Test  £-2  (Z  s  7/16  in.).  Fig.  5«3^>  eidilbits  the  same  trends  as 
E-1,  and  the  similarity  of  the  thrust  with  A-2  is  evident.  Also,  at  pres¬ 
sures  above  300  psl  the  moments  show  closer  agreement.  It  is  interesting  to 
note  again  how  the  large  aGments  tend  to  decrease  as  the  cylinder  material 
yields  and  loading  progresses. 

Test  S-1  (Z  «  7/3  in.).  Pig.  $*35*  exhibits  vrm  better  agreement 
with  its  A  group  counterpart.  However,  the  large  crown  moment  at  pressures 
below  230  psl  and  the  greator  diameter  duuoges  of  the  E  group  indicate  that 
sprinkling  placemant  of  the  sand  gave  a  lower  density  and  less  restr^nt. 

Ihe  recorded  values  of  peak  strain  on  the  intrados  and  extrsdos 
for  t-5  (Z  «  TA^  in.)  and  1-4  (Z  ■  7/3  in.),  Fig.  5*36,  are  Magared  with 
the  values  recorded  for  the  static  tests  at  the  same  250-psi  level  (■axlmum 
dynamic  presmare  available).  A  large  amount  of  ductility  is  evident  in 
the  dyimmie  tests.  Using  the  analysis  cutUnsd  ty  Vewmark  and  Haltiiianiar 
(1962)  for  a  step  pulse  input  of  250  pal  and  an  eguivalant  elaatoplastie 
retiatanee  fbnetioo  for  tyUndera,  a  theoretical  daetiUty  factor  of  7 
and  a  thaoretioal  maxim  strain  of  $100  uin./in.  ware  oaleulatad.  fhla 
thaoratical  strain  i^raea  wall  with  the  obaarvad  strains  which  raagad  he- 
tween  5000  and  ^OOO  |4a./ia. 


mie  xpoment  and  thrust  values  are  shown  In  Fig.  3-37-  peak 
thrusts  are  uniform  around  the  cylinders  for  all  three  dynamic  tests  at  the 
2^-psl  pressure  level  used,  ^e  thrust  values  for  the  static  and  rapid 
tests  are  also  very  consistent  with  each  other,  whereas  the  moment  values 
are  widely  scattered  at  the  crown  and  Invert. 

6.1.5  D  Group  (Buckshot  Clay) 

The  D  group  cylinders  were  hurled  in  clay,  hut  were  identical 
with  those  of  the  A  and  E  groups  in  material  and  gecmtetry  with  the  excep¬ 
tion  of  a  slight  change  in  yield  points  (Appendix  A)  resulting  from  use  of 
different  tubes. 

The  static  tests.  Figs.  5*33  through  5*^2,  indicate  higher  bend¬ 
ing  snsents  and  larger  diameter  changes  than  occurred  in  sand.  The  thrust 
values  follow  about  the  same  trend  as  in  sand.  Generally,  symmetric  re¬ 
sponse  was  recorded  and  hence  q;^site  gages  acted  as  a  check  on  each  other. 

The  thrusts  recorded  in  several  tests,  e.g,,  D-U  (Z  =  1-3A 
and  D-5  (Z  >  2-5/3  in.),  were  higher  at  the  ^5'-degree  cross  section  than 
at  the  gprlng  line.  The  Instability  may  very  well  be  concentrated  between 
this  level  and  the  crown. 

The  moments  are  a  highly  nonlinear  function  of  overpressure  and 
tend  to  decrease  as  the  material  yielded  at  high  isressure  levels.  Fig.  5.4l. 

Ultimate-strength  dynamic  testing  with  the  WES  ^pe  Heaviside 
liQUt  is  essentially  a  "go-no  go"  process.  The  true  failure  pressure  can 
only  be  bradcetad  between  a  known  collapse  and  a  known  survival.  A  tight 
bradbet  wMld  retolre  many  tests  and  be  extramsly  eiqpttislve.  At  the  sams 

I  time  it  would  not  be  truly  reliable  because  of  the  Inherent  scatter  In 

st(rttlllty  problems. 
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The  experience  with  sand  Indicated  that  the  rapid  and  dynamic 
failure  pressures  would  be  relatively  close  to  the  static  values,  llbils 
proved  to  be  the  case  also  In  cIe^,  arui  the  static  failure  pressures 
served  as  the  basis  for  estimating  required  dynamic  overpressures.  The 
overpressures  obtained  were  not  always  close  to  those  requested  because  of 
variabilities  In  the  loading  apparatus.  However,  a  reasonable  bracket  was 
obtained  for  two  representative  depths  of  burial,  7/B  In.  and  I-SA 

The  results  obtained  frcm  those  cylinders  which  survived  are 
plotted  In  Fig.  3.43.  Res\2lts  from  those  cylinders  which  failed  are  also 
plotted  to  shed  more  light  on  what  occurred.  However,  these  data  should 
be  considered  only  as  guides,  ^cy  were  obtained  from  the  records  at 
Incipient  failure.  This  was  extremely  hard  to  define  for  the  dyoMslc  tests 
In  ^ich  the  cylinders  failed. 

Some  Instrumentation  difficulties  were  encountered  and  the  data 
from  half  the  strain  gages,  Tsble  in  test  D*10  (Z  «  l/B  in.)  were 

lost  because  an  oscilXograi^  malfunctloied.  However,  the  thrust  values 
of  D-d  (Z  »  7/3  in.)  and  D-6  (Z  a  1-3A  in.)  are  relatively  uniform.  The 
peak  moments  are  at  the  crown  and  are  positive  in  sign.  The  permanent 
deformations  in  D-6  and  D-10  (mn  be  seen  from  the  end  views  of  Fig. 

The  strains  far  exceeded  yield  in  most  cases,  both  in  tension  and  eoapres- 


sion,  and  resulted  in  high  bending 


The  dimseter  ehmoges  were  small  for  all  tests.  In  order  to 
verify  the  validity  of  the  diameter  change  gages,  the  oyliadar  diameters 


were  measured  to  the  nearest  one-tlKittsandth  ot  an  inch  with  outside 
micrometers,  both  before  and  after  tbs  teat  (whan  possible).  These 
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results  are  plotted  in  Fig.  6.4  along  with  the  peak  diameter  change  Indi¬ 
cated  by  the  diameter  change  gages.  Reasonable  verification  is  evident. 

A  vertical  Collins  gage  vas  Included  in  test  E-3,  and  Its  peak 
output  substantiates  the  trends. 

Several  observations  can  be  made  based  on  Fig.  6.4.  The  horizon¬ 
tal  deflection  stiffness,  ,  appears  to  be  independent  of  the  buck- 

ling  stiffness,  ^  ;  but.  It  varies  a  great  deal  with  the  soil  environsMnt. 
The  Sangamon  River  and  Cook's  Bayou  sands  differ  by  a  factor  of  2  for  hori¬ 
zontal  stiffness.  The  clay  Is  less  stiff  by  an  order  of  magnitude. 

Using  these  empirical  values  for  horizontal  stiffness.  It  Is 
possible  to  calculate  subgrade  moduli  from  the  Iowa  Formula, 

0.166  p  R^ 

Av  »  —  . .  i  6.1 

“  BI  ♦  0.06lk^R^ 

where 

■  horimwtal  diameter  increase,  in. 

Pg^  •  vertical  pressure  on  top  of  the  cyUoder,  psl 
R  •  cyliaOer  rsdias,  in. 

1  «  modulus  of  elmstieity  the  cyliadmr,  psi 
I  •  moment  of  Inertia  of  the  eyUader  cross  section,  in. 

•  madttlns  of  passive  resistance  of  the  soil,  Ib/in.^ 

This  can  be  solved  for  k^R  ,  B*  ,  in  teims  of  the  other  param* 
stars  where  B*  Is  eallsd  the  modulus  of  soil  reaction. 

dsr  [«»•»“*)§- S 

8iihstittttii«  B  •  1.75  rislds 
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6.2 


80 

Using  the  average  values  of  calculated  froo  the  re8\ilt8  plotted  in 

^a  ^ 

Fig.  6.4  as  ~  >  values  of  E*  can  be  calculated.  Ihis  ass^me8  no  change 
vith  depth  of  burial  and  is  essentially  true  vithin  the  scatter  for  the 
range  of  shallov  depths  Investigated.  A  trend  of  increasing  stiffness  vith 
depth  is  true  of  the  vertical  stiffness.  A  typical  calculati(^  follows. 


E'  for  the  A  group 


for  the  A  groBp 


om  [o-a905(  32.900)  -  I.5] 

5:^  (9550  -  ks)  -  ^  .  155,900  p.l 

T  *  •  ®9,100  lb/in.3 


6.3 

6.4 


Also,  ftoB  equaticm  6.2  one  can  coopute 

E*  for  tlM  B  gronp  >  123|100  psi 
for  the  B  grovqp  >  71»600  Ib/ln.^ 

E*  for  the  C  group  «  127#1C0  psi 
k.  for  the  C  group  •  72,600  Ib/in.^ 

B*  for  the  B  group  «  57*300  pel 
k^  tw  the  B  group  •  32*700  Ib/la.^ 

B*  for  the  D  group  •  6*500  psi 

k^  for  the  0  group  •  3*700  lb/in»^ 

these  <^eaIatioos  verify  bov  little  influence  the  budding 
stiffness  of  the  eylUiAers  has  on  the  defamations  in  ecspetent  soils  such 
as  these*  under  the  assoi^lons  of  this  ■athsaatioal  podel.  the  defoms* 
tions  are  oootroUed  tqr  the  stiffheae  of  the  soil,  fbr  ennple*  in  ths 


int; 


,  El 

computations  for  equation  6.3  the  cylinder  buckling  stiffness,  ,  is  a 


negligible  term  relative  to  the  horizontal  soi  I  stif-^ess 


P  R"" 


The  calculated  soil  parameter,  k  R  ,  Is  of  the  same  order  of 

s 

magnitude  as  the  moduli  from  the  one-dimensional  consolidation  and  trlaxial 
vests  at  roughly  the  same  pressures  (Appendixes  B  and  C). 


Up  to  this  point  everything  has  been  analyzed  in  ve?*ms  of  the 


overpressure,  ,  on  the  surface.  Here  it  was  assvoned  that  the  pressure, 
p  ,  at  the  level  of  the  cylinder  crown  was  equal  to  the  surface  pressture. 
This  is  true  by  definition  only  when  the  cylinder  is  at  zero  depth  of 
burial.  However,  the  assumption  is  satisfactory  within  the  limits  dis¬ 
missed  in  Section  6.3. 

6.3  Arching  Ratio 

Overall  arching  may  be  assessed  by  summing  forces  in  the  vertical 
direction  above  the  cylinder.  Hie  thrust  at  the  spring  line  represents  a 
vertical  force  as  does  the  surface  pressure  integrated  over  the  area.  The 
arching  ratio,  AR  ,  is  defined  as  the  average  spring-line  thrust  divided 
by  the  overpressure  times  the  radius. 


AR  = 


N  (avg) 

I  y  ..  I  ■ 

so 


These  ratios  have  been  calculated  from  the  results  of  the  static 
tests  and  are  plotted  in  Fig.  6.^. 

The  A  and  B  groups  verified  one  another  well  below  200  psi.  At 
that  preaaure  level  the  A  group  cylinders  began  to  yield,  the  moments 
began  to  decrease,  and  hence  the  cylinders  stiffened  as  a  result  of  ap¬ 
proaching  more  closely’-  a  conpression  mode.  The  arching  ratio  increased 
until  such  time  as  the  whole  cross  section  yielded,  at  about  300  psi. 
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After  th&t,  tbe  arching  ratio  decreased. 

It  appears  that  the  B  groiqp  begM  to  stiffen  at  450  to  500  psi. 
Ihe  mcBients  decreased  and  the  arching  ratio  began  to  Increase.  If  the 
trend  vere  to  continue  at  higher  pressiire,  it  vould  be  coiqpatible  vlth  the 
A  groig^  b^avlor. 

The  £  group  began  with  a  higher  arching  ratio  than  the  A  grovqp , 

but  at  pressures  above  250  psi  they  are  similar.  These  groups  had  the 

El 

same  buckling  stiffness,  -^  =  45  ,  but  as  has  been  pointed  out  tbe  soil 

le 

placement  techniques  differed,  llils  indicates  that  initial  soil  differ- 
ences  (densities  in  the  immediate  vicinity  of  the  cylinder,  Appendix  B) 
created  by  placement  techniques  may  not  be  important  after  the  soil- 
structure  system  has  readjusted  vuider  200-psi  overpressure. 

It  ifl  the  writer's  opinion  that  it  is  appropriate  to  express 
cylinder  response  in  terms  of  the  pressure,  p  ,  on  a  horizontal  plane 
through  ti  e  crown.  As  a  consequence,  a  correction  to  would  be  appli¬ 

cable  only  if  the  arching  ratio  at  a  given  depth  varied  significantly  frcnn 
the  erching  ratio  at  zero  depth.  Ibis  does  not  occur  for  the  cylinders 
tested  as  Fig.  6.5  indicates  (although  this  indication  is  not  conclusive 
because  of  the  scatter  in  data  for  these  shallow  burials).  Hence  p  and 

P  were  considered  interchangeable, 
so 

This  does  not  negate  the  facts  that  the  arching  ratios  do  differ 
from  group  to  group  at  zero  depth  of  burial,  and  that  the  arching  ratio  at 
zero  depth  is  not  necessarily  1.0.  For  any  study  of  the  arching  ratio  for 
real  structures  at  depth,  it  would  he  necessary  first  to  study  tbe  rej^onse 
of  the  structure  at  zero  depth  where  a  known  loading  exists,  Apparently, 
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load  can  te  dissipated  between  the  level  of  the  crown  and  the  level  of  the 
spring  line. 

6M  Ultiaate  Strength 

IHie  collapse  pressure >  ,  is  plotted  in  Pig.  6.6  with  respect 

El 

to  -ttie  stiffness  parameter  —r  .  Ohe  tests  of  the  present  Investigation, 
Table  ^.1,  cover  only  a  small  part  of  the  practical  range  of  stiffness  and 
pressure.  In  order  to  make  the  picture  as  complete  as  possible,  results 
of  other  investigations  in  dense,  dry  sand  are  also  indicated.  The  depth 
of  burial  is  listed  next  to  the  symbol  in  terms  of  the  cylinder  diameter,  d 
A  dotted  line  Indicates  the  yield  value  of  a  high-strength  steel 
in  hoop  compression  for  a  ssx>oth  cylinder.  Ibis  establishes  the  upper 
bound  limit  of  applicability  of  the  elastic  buckling  theory  and  hence 
defines  the  area  of  concern  for  elastic  buckling.  Above  this  line  the 
membrane  response  is  inelastic  and  would  be  treated  in  terms  of  a  ductility 
factor  rather  than  stiffness. 

In  Pigs.  6.7  through  6.10,  the  collapse  pressure  has  been  formed 

into  a  nondimensional  parameter,  .  The  test  results  are  plotted 

El 

in  this  form  with  respect  to  -=•  .  A  different  set  of  theoretical  equa- 

tlons  is  shown  in  each  of  Pigs.  6.7  through  6.10.  It  was  mentioned  in 

Chapter  3  that  the  theoretical  equations  all  contain  the  cylinder  stiffness 
El 

parameter,  ,  as  an  Independent  variable. 

R^ 

Open  symbols  in  Pigs.  6.6  through  6.10  refer  to  tests  which  did 
not  result  in  failure.  Although  these  tests  do  not  indicate  the  pressure 
at  which  the  cylinder  would  have  failed,  they  are  pertinent  because  they 
do  document  areas  where  failure  did  not  occur. 

The  amount  of  data  available  with  which  to  correlate  the  clay 
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results  Is  very  slight.  Luscher  and  Hbeg  (196U,  p  231)  reported  a  series, 
El 

*-?  =  0.011  ,  that  experienced  failure  very  similar  to  their  sand  tests 
R'’ 

which  were  two  orders  of  magnitude  higher  than  the  theoretical  presstxre 

El 

predicted  by  the  hydrostatic  equation,  p  =  3  >  Fig.  6.7.  The  results 

El  ^ 

of  the  present  Investigation,  -7  =  4^,  Indicate  that  the  failure  pressure 

for  cylinders  In  clay  Increases  very  slowly  with  Increasing  depth  of  burial. 

Fig.  ^.kS.  The  hydrostatic  equation  Is  In  reasonable  agreement  with  these 

El 

results.  Fig.  6.7>  and  the  results  of  a  test  on  a  stiff er  cylinder,  -5  =  82, 

R^ 

conducted  by  Dorris  and  Albritton  (1963).  On  the  basis  of  this.  It  appears 
that  the  hydrostatic  buckling  equation  should  be  retained  for  clayllke 
soil  media  tuitll  such  time  as  more  experimental  evidence  fills  In  the  gap 
between  the  available  data  points. 

Althou^  far  from  cooqplete,  the  data  available  from  tests  In 
dense,  dry  sand  are  more  plentiful.  The  present  Investigation  In  dense 
sand  showed  considerable  Increase  In  failure  pressure  with  Increase  in 
depth  of  burial  down  to  d/3  ,  Fig.  Belov  this  depth  failure  could 

not  be  precipitated  with  the  pressure  available,  500  psi.  Dranellan  (196^* 
p  k2)  esqperlenced  failures  a.  d/B  but  none  at  d/H  at  I60  psi.  However, 
the  conclusion  that  belov  some  critical  depth  in  dense  sand,  elastic  bueh- 
llng  will  not  occur  Is  precluded  by  the  results  of  Bulson  (1962)  and 
Luscher  and  Hoeg  (1964).  But,  this  c<»clu8loa  may  very  well  spply  to 
cylinders  which  are  stlffer  than  some  critioal  stiffness. 

The  theoretical  analysis  developed  by  Lasdier  and  Bc^  (1964, 

P  143),  equation  3.16,  is  plotted  in  fig.  6.6  for  several  depths  of  burial. 
It  takes  into  account  the  change  in  soil  stiffness  with  dspUi  anA  pressure, 
anl  predicts  the  possibility  of  elastic  bulling  at  depths  greater  then 
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d/k  for  very  flexible  structures.  The  equation  fits  the  author's  experi¬ 
mental  data  and  that  reported  by  Bulson  (I962)  fairly  veil.  For  depths 
greater  than  d/U  ,  the  equation  indicates  that  buckling  will  not  occur 
before  yield  of  the  material  for  the  cylinders  used  in  the  present  investi¬ 
gation.  Hence,  this  appears  to  be  potentially  an  adequate  design  equation 
for  intonpolatlon. 

However,  for  extrapolation  of  the  data  a  much  more  conservative 

approadi  is  in  order.  A  lower  bound  for  these  data  at  zero  depth  of 

burial  is  established  by  equation  3.8,  Fig.  6.9.  Substituting  k  R  «  UOO 

z 

in  equation  3*8> 


•■■“VI- 


psl 


6.6 


3 


where  S  is  in  units  of  psl,  I  is  in  units  of  in.*'  and  R  is  in  units  of 

in.  Altbouc^  theoretical  equation  has  the  hydrostatic  budding  value, 

3  ^  ,  as  a  lower  bound,  it  is  not  possible  to  say  that  this  would  be  true 
R'^ 

for  the  actual  conditions.  For  a  stiff  cylinder  at  very  shallow  burial, 

^  soil  could  be  a  less  desirable  environment  than  water  because  of  the 
nominlfom  loading  occurring  throui^  the  soil. 

Bquatlou  3*8  with  k  R  «  lltOO  fits  the  writer  *s  data  at  d/3  , 
Pig.  6.9,  and  la  a  lower  bound  to  the  data  amiable  for  more  fl«clble 
cylinders.  Hence,  it  appeurs  that 


Pc  -TS 


V5- 


P*1 
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would  provide  a  more  realistic  lower  bound  to  the  budding  value  than  the 
hydrostatic  equation  used  alone,  the  units  are  the  seme  as  in  equation  6.6. 

naUer 

then  those  oaleulnted  for  sand  firom  the  Iowa  fOnmls  In  Section  6.2. 


It  Is  evident  that  tte  foregoing  values  of  k^R  are  m^tth 
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Equation  3 *8  with  k  R  s  37. 000  fits  the  d/B  no-fallure  data  of  the  flex- 

Ihle  cylinders,  and  Is  also  shown  In  Fig.  6.9*  It  Is  possible  that  this  aay 

be  an  appropriate  equation  for  the  hl^  overpressure  reglcm.  This  value  of 

k  R  Is  still  low^  than  those  calculated  from  equatlcm  6.2.  If  k  R  » 
z  z 

37,000  or  higher.  It  Is  apparent  that  buckllag  will  not  occur  before 
yield  for  nany  practical  values  of  cylinder  stiffness  (greater  than  about 
1.7)  when  the  cylinder  Is  burled  at  a  depth  below  d/3.  Hence,  the  theo¬ 
retical  varlaticm  of  the  dense  sand  properties  with  respect  to  pres.-iure 
nay  be  lBQ>ortant  only  for  design  pressures  below  about  500  psl. 

The  theoretical  equatl<m,  3*17»  idilch  utilises  Poisson's  ratio 
and  Young's  nodolus  of  the  soil  is  plotted  In  Fig.  6.10  for  conparlsoo.  It 
follows  the  general  trend  of  the  available  test  data,  but  no  definite  con¬ 
clusions  can  be  drawn. 

A  conparlson  of  the  results  of  the  A  and  B  groups,  Table  5*1» 
Indicates  that  the  cylinder  strength  nay  play  a  part  In  the  buckling  values. 
This  is  probably  a  reflection  of  the  decrease  In  effective  buckling  stiff¬ 
ness  irtiidi  occurs  idien  part  of  the  cross  section  yields.  However,  the 
failure  values  between  the  groups  did  not  differ  by  sore  than  2%  pwrcent 
although  the  yield  values  varied  by  a  factor  of  2. 

The  catastrophic  aarnrwr  in  vhidx  the  cyliadws  failed  is  paMwhly 
a  oonseguence  of  the  large  awoont  of  strain  anaigy  in  the  cyliadars  at 
incipient  coUapaa.  Piga.  and  5*^5  depict  the  failed  eylind«ra.  the 
irregularitiea  in  the  poatbuckllng  shapes  were  caused  by  the  cylinder  opowns 
strlkii^  the  longitudinal  roda  (which  eoaneeted  tha  end  oapa)  aa  they  caved 
in.  the  postcoliapae  oonflgaratioa  in  clay  ia  abowa  in  Fig.  $.kT* 
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CHAPTER  7.  SUIMAR7,  CONCLUSIONS,  AND  RECOI«fBfDATIONS 


7.x  8u—iy 

Fbrty-slx,  mil,  horizontally  oriented  cylinders  vere  tested  In 
two  kinds  of  soil  aedla:  dense,  dzy  sand  and  stiff  clay.  The  applied 
overpressure,  vertical,  and  horizontal  diameter  changes  for  the  static  tests 
and  hoop  strains  irere  measured.  The  cylinders  vere  all  made  of  aluninun. 
Three  alloys  vere  Involved  having  yield  stress  values  of  7,500,  12,700, 
and  te,100  psl.  The  cylinders  had  identical  outside  dlaaeters  of  3.5  In. 
and  tvo  thldcnesses,  0.022  and  0.06^  In.  Hence,  the  cylinder  stiffnesses, 
S  ,  were  I.7  and  kl^  (d^  =  159  Md  5^),  respectively. 

The  test  structures  vere  burled  at  depths  ranging  fttai  zero  to 
tlirea<-qtMrters  of  the  outside  diameter,  2-5/3  In.  Three  overpressure  rise 
tlaes  were  used:  a  static  rise  tine  (10  to  15  nin)>  a  rapid  rise  tine 
(13  nsec),  and  a  dynanlc  rise  tine  (0.3  nsec),. 

The  relations  between  stress,  thrust,  nonsnt,  and  dlanetor 
dnaga  vere  plotted  and  analysed  with  respect  to  the  surface  overpressure. 
The  pressure  necessaxy  to  cause  collapse  was  established  «ad  ocapared  with 
sevwal  ^eoretieal  solutions  and  vlth  the  results  of  oth«r  InveatlgatlMis. 
The  horlsontal  and  vertical  stlffheeses  as  indicated  ty  tint  dlaneter 
cdtaatas  were  analysed  and  conpared  with  ^Moretloal  concepts. 

It  was  not  possible  to  collapse  cylinders  of  either  stiffness 
whan  burled  la  sand  at  depths  equal  to  or  greater  than  one-eighth  the 
dlaneter,  7/16  la.,  under  the  available  500-psl  pressure,  la  stiff  clay, 
howeirar.  It  was  possible  to  define  collapae  even  at  the  deepest  burial, 
three-quarters  of  the  dlaneter  or  2-5/3  la. 
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7*2  Conclusions 

All  of  the  conclusions  are  based  aa  the  assuaqption  of  the  plane- 
vave  loading  vhich  vas  used  during  this  investigation. 

7-2.1  Cylinders  In  Doase,  Dry  Sand 

The  difference  between  static  and  rapid  loading  In  the  elastic 
response  of  the  cylinder  Is  saall  (within  20  percent).  The  rapid  loading 
was  ohservedf  Figs.  6.1  throuc^  6.3«  to  cause  larger  thrusts. 

Inelastic  strains  are  auch  hi^er  uztder  dynaiaic  loading  than 
under  static  or  rapid  loading  at  the  sane  pressure.  Fig.  5.36.  However,  a 
cylinder  buried  at  a  d<qpth  greater  than  ooe-el^th  its  dlsaeter  can  sustain 
large  Inelastic  bending  strains  withcut  experloicing  structural  failure  or 
collapse. 

Based  on  an  equivalent  elastoplastic  resistance  function  for  the 
cylinder  and  an  approxiaate  step-julse  loading,  a  ductility  factor  of  about 
7  uas  foind  to  be  omservative  for  the  dynasde  tests.  Ho  failures  occurred, 
so  it  is  not  possible  to  say  what  the  ductility  factor  to  define  failure 
would  be. 

Thrust  is  generally  a  linear  function  of  surface  overpressure. 

It  is  Ittiest  at  the  spring  line,  snaller  at  the  crown,  and  snallest  at 
the  invert.  For  overpressures  greater  than  200  psi,  the  average  value  ^ 
the  horiaontal  force  divided  by  the  vertical  force  on  the  cyllad«r  is 
a'lout  0.6.  However »  the  hoop  compression  theory  appears  to  be  adeiiiate  for 
design. 

ttSMsit  is  generally  a  nonlinear  function  of  surface  overpraaaura. 
It  tends  to  increaaa  at  a  daereating  rata  (probably  govamad  by  bocal  arch* 
lag  tram  point  to  point  around  the  droafarenea  of  the  cylinder),  until 
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tbe  blinder  aaterial  begins  to  yield,  nwreafter,  the  mcss^ts  tend  to 
decreese.  The  noaents  are  larger  In  the  stiff er  cylinders.  A  depth  of 
burial  of  one-eli^h  the  dlaaeter  Is  a  critical  depth  for  the  sign  of  the 
crovn  Bonent.  At  shallover  depths  the  curvature  increases  >  vhereaus  for 
deeper  depths  tbe  Boaent  Is  positive  and  the  curvature  tends  to  decrease. 

For  aero  depth  of  burial,  the  pressure  to  cause  buckling  failure 


can  be  defined  tgr 


cr 


“A’ 


psl 


7.1 


vhere  E  la  In  units  of  pal,  I  Is  In  units  of  in.*^,  and  R  Is  In  units 

of  In.  This  Is  an  enpirlcal  fit  of  equation  3.8  to  the  test  data  with 

k  R  s  kOO,  Fig.  6.9*  For  depths  of  burial  equal  to  or  greater  than  one- 
z 

elgh^  the  dlaaetar,  the  pressure  to  cause  buckling  failure  can  be  bounded 
until  Bare  experiaental  data  becoaes  available  by 


idiere  the  units  are  the  sane  as  those  in  equation  7.1.  This  Is  equation 

3.8  vith  k  R  «  lUoo.  failure  occurs  (at  the  ihallov  burial)  by  a  sudden 
z  . 

sinp-througlh  of  the  croun.  The  result  is  a  coivlete  collapse.  But,  no 

ooUspse  eould  be  iadueed  at  depths  greater  ^an  one-eighth  the  diaanter 
■  II 

for  <^>1.7  for  pressures  up  to  300  psi. 

Depths  of  burial  greater  then  one-eighth  the  dieaeter  prObebly 
have  aore  sl^fioent  effeets  (on  elsstio  buekling)  than  indioated  by 
ths  alloM^la  pressures  froa  eqaatton  7.2*  However,  since  effeets  of 
the  depths  ware  not  satisfactorily  dafined  because  no  failures  occurred, 
they  osa  only  be  eonsidered  as  an  additional  factor  of  safe^.  IquBtion 
7*2  rsprissnts  polnta  where  no  lailore  occurred  and  does  not  define  failure* 
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However,  this  is  a  nore  realistic  eqiiaticm  than  the  hydrostatic  predictioo* 

It  is  hypothesized  that  equaticm  7.2  is  still  overly  omservative  for 
El 

values  of  ~r  greater  than  about  1.7  • 

It  is  not  possible  at  present  to  identify  adequately  the  appro¬ 
priate  soil  pr(^rties  controlling  cylinder  collapse  with  soil  properties 
obtained  ftxm  standard  laboratory  tests. 

nie  technique  used  to  place  the  sand  in  the  vlcinl^  of  'Uie 
cylinder  can  affect  the  response  of  the  cylinder  and  apparent  deforaatioo 
stiffness  by  as  nuch  as  50  percent.  However,  the  pressure  required  to 
cause  collapse  differs  by  only  *25  percent.  Sprinkling  in  the  vicinity 
of  the  cylinder  is  less  effective  than  vltnrating  or  rodding. 

The  arching  ratio  (defined  as  the  average  spring-line  thrust 
divided  by  the  ovexpressure  tines  the  radius)  for  cylinders  burled  with 
the  crown  tangoit  to  the  soil  surface  is  not  necessarily  1.0. 

7*2.2  Qrltoders  In  Stiff  Clear 

Collapse  of  the  cylinder  occurs  by  a  sudden  scap-throui^  of  the 
crown.  Regardless  of  the  depth  of  burUl,  this  Mde  of  failure  occurs  even 
at  the  naxtii  dopth  tested,  three-quarters  of  the  dlsMtsr* 

Only  a  snail  increase  la  fbilure  pressure  results  tram  an  in¬ 
crease  in  depth  of  burial.  The  hydrostatic  buckHag  equation 

»er-jg  T.3 

was  appropriate  for  the  cylinders  used.  Fig.  6.7»  and  ihould  be  all#tly 
oonservativa  fur  cylinders  burled  at  depths  greater  than  one-elghtti 
dlaneter.  This  equation  implies  a  Ion  vnlae  of  k  R  . 

Ngnants  and  defamations  of  the  eyliadw  uere  nndi  larger  than 
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in  sand  at  comparable  pressures.  They  were  both  hi^^ly  nonlinear  functions 
of  pressure. 

7*3  Rerfwenrtstioos  for  Future  Study 

High  pressure  tests  (300  psi  or  greater)  should  be  conducted  in 

El 

dense  sand  vith  cylinder  stiffnesses,  -rr  ,  between  0.1  and  1.0  for  the 

R-’ 

purpose  of  establishing  failure  pressures  for  depths  of  burial  greater 

than  <»ie»el|^ith  the  cylinder  diaaeter.  Materials  with  bi^  yield  strength^ 

such  as  hlgh*strength  steel  or  aluninua,  would  best  serve  the  jmrpose. 

Elastic  buckling  could  be  isolated  relative  to  the  buckling  stiffness  with* 

out  coosideratioo  of  the  reduced  stiffness  due  to  yielding. 

Soae  ultioate  strength  tests  should  be  conducted  vith  relatively 

large  (2*ft-diaaeter)  cylinders  in  the  WES  Large  Blast  Load  Generator  to 

Investigate  the  possibili^  of  site  effects.  These  should  have  the  sane 
SI 

value  of  'rr  as  aoae  smaller  diameter  cylinders  discussed  in  the  literature 
R^ 

or  else  saall  ooimpanlwi  cylinders  should  be  tested  concurrently. 

A  cylinder  vith  %  «  220  should  be  tested  at  aero  depth  of 
burial  in  dense  sand  at  pressure  greater  than  3CX)  psi  to  extend  the  range  of 
knowledge  ot  equation  7*1. 

The  work  on  elastic  tetckling  should  be  done  with  static  loading 
(but  fast  enough  ^t  longtime  effects  such  as  creep  do  not  enter)  to 
gain  the  most  for  the  least  cost.  Selective  dynamic  testing  should  th<m 
ba  dons  to  assure  the  appUoibility  of  Uie  kncwledge  gained  from  the 
static  testa. 

Once  the  liadts  of  the  buckling  problem  are  established,  then 
dynamic  studies  iduMild  be  conducted  to  determine  an  e^psuroprlate  tmgnitude 
for  tha  ductility  factor  to  define  eoUepae  in  the  noneleatlc  region  of 
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cylinder  response.  Since  yielding  Is  not  a  proper  criterion  for  failure, 
it  is  doubtful  that  the  studies  of  the  elastic  response  of  cylinders  vlll 
shed  such  light  on  the  ultinate  strength  except  when  tackling  governs. 

Once  the  d«ise,  dry  sand-cylinder  interaction  is  fully  understood, 
other  soil  environments  such  as  medium  density  (relative  density  of  50 
percent),  and  partially  saturated  sands  should  be  investigated.  It  nay 
then  be  possible  to  develop  a  single  eqmtlon  which  can  take  into  account 
the  significant  soil  properties  in  a  realistic  manner. 

Concurrent  with  the  foregoing,  an  atteiqpt  should  be  aade  to 
determine  the  pressure  distribution  on  the  surface  of  the  buried  cylinder 
from  the  measured  strains.  Ihe  soluticm  by  Riley  (I965)  for  which 
eiqpresaes  the  load  in  a  Fourier  series  with  voodetermlned  coefficients 


could  be  used. 
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Avg  tlirust,  Ib/io. 

44 

84 

125 

157 

195 

238 

302 

357 

398 

437 

^-2a;lt-Ua 

Avg  thrust,  Ib/in. 

87 

152 

225 

26i 

336 

355 

388 

466 

508 

529 

4 

0.51 

0,55 

0,56 

0.56 

0.59 

0,67 

0.78 

0.77 

0.78 

0.83 

lest  A-4  (Z  c  1-.3/4  in. ) 

1 

Strain,  pin. /in. 

0 

39 

78 

143 

195 

295 

507 

780 

1142 

1535 

Stress,  psi 

0 

390 

780 

1430 

1950 

2950 

5031 

5829 

6466 

6863 

Ja 

Strain,  pin. /In. 

134 

201 

295 

443 

531 

900 

1290 

1706 

2226 

2760 

Stress,  psi 

1346 

2010 

2950 

4430 

■  .67 

6o4o 

6668 

7019 

7346 

"636 

i-la 

Thrust,  ib/in. 

44 

■78 

)2I 

190 

261 

330 

391 

425 

454 

474 

Monent,  ln,-ib/in. 

0.47 

0.57 

0.76 

1.06 

1.35 

1.02 

0.53 

0.42 

0.29 

0.26 

3 

aStnUn,  pin. /in. 

166 

280 

402 

543 

744 

963 

1226 

iWo 

1913 

2035 

strata,  pii 

1660 

2800 

4020 

5i91 

5765 

6151 

6614 

6839 

7104 

7241 

3a 

Strain,  pin. /in. 

-38 

-57 

-7f: 

•  -114 

-1?3 

•123 

-104 

-86 

-38 

33 

Stress,  pti 

-3to 

-570 

-760 

-li4o 

-1230 

-1230 

-1040 

-86(1 

.3HO 

380 

3-3a 

Thrust,  ib/ln. 

72 

106 

139 

186 

269 

301 

.337 

364 

Mctwnt,  In.-lb/in. 

-0,72 

-1.19 

-i.a 

-2.30 

-2.68 

-2.76 

-2.67 

-2.54 

-2.26 

-1.93 

2 

Strain,  pin  ./in. 

267 

445 

609 

807 

1275 

2l40 

3322 

4470 

5650 

0900 

Stress,  psi 

2670 

4450 

5485 

5876 

6676 

7298 

7930 

6494 

9023 

95;j8 

2a 

Strain,  pin. /in. 

-4l 

-4l 

-10 

10 

134 

909 

2029 

3043 

4 110 

52'.0 

Stress,  psi 

•410 

•4lC 

-100 

100 

i3to 

6056 

7238 

7789 

8317 

885,4 

2-2a 

Thrust,  Ib/xn. 

S 

1,31 

551 

24l 

331 

443 

493 

529 

565 

Ncwttt,  ln.>lb/ln. 

-i.oe 

-1.71 

-2.C6 

-2.19 

-1.68 

-0.41 

-0.25 

-0,25 

-0  25 

-0,24 

4 

Strain,  nln./iu- 

194 

296 

445 

571 

765 

1267 

2238 

3220 

4293 

54,j4 

Straaa,  pal 

1940 

29& 

4450 

5316 

5602 

6670 

7352 

7880 

84CV 

8939 

4a 

Strain,  nln./ln. 

•22 

-u 

34 

122 

290 

793 

1787 

2688 

3707 

4726 

Stress,  psi 

-220 

.110 

340 

1220 

2900 

5852 

7063 

7597 

8119 

862(1 

4-4% 

Ihruat, 

56 

s 

156. 

223 

313 

407 

470 

503 

537 

571 

MoMct,  In, -ib/ln. 

•0.76 

-i.oB 

•1.45 

-1.52 

-1.03 

-0.29 

-0.09 

-0.10 

-0.10 

-O.ll 

DC.l 

Deflection,  in. 

0.002 

0.003 

0.005 

0,007 

0.010 

0.016 

0.021 

0.028 

0.034 

0.044 

DC2 

?aflaotion,  in. 

0,004 

0.005 

0.007 

0,008 

0.009 

O.OlO 

O.Oil 

0.012 

0.0)2 

0.013 

l>iai3>3a 

\v(  thruat,  Ib/io. 

43 

75 

114 

165 

225 

279 

330 

363 

396 

419 

e<2ai4-4a 

Avg  thruat,  ib/ln. 

65 

U2 

174 

232 

322 

425 

482 

516 

591 

585 

'X 

0.66 

0.67 

0.66 

0.71 

0.70 

0.66 

0.68 

0.70 

0.72 

0.72^ 

Table  ii.3 

r*train,  Ptreta,  Thru*t»  and  Mcwnt;  Testa  A*t,  A»7,  A-6,  A-9,  A-10 


, 

Strain,  pin. /in. 

-lUQ 

132 

891. 

1281 

461 

.4830 

-]U  ^ 

1320 

6029 

6661 

46iC 

-8676 

Strai.n,  pin. /in. 

51 

26 

309 

39t2 

104ac 

510 

26c 

3090 

6235 

10950 

1-1 

Thrust,  Ib/in. 

S2 

157 

259 

565 

1.65 

234 

.Hocaent,  in.-.b/.'n. 

i.6l 

-1.3'. 

-2.1U 

-1.02 

0.95 

S.24 

3 

Strain,  pin. /in- 

-80 

151 

330 

446 

423 

503 

Stress,  pyi 

-800 

iS-io 

3330 

1A60 

4230 

5013 

3a 

.Strain,  pin. /in. 

231 

28*? 

326 

389 

458 

503 

stress,  r-si 

P.ViO 

281.0 

3260 

3890 

4580 

5013 

Thrust,  Ib/la. 

i*9 

i4l 

2iU 

271 

286 

326 

^)c^fflent,  in.“-lvin. 

1.09 

oM 

-0.01 

-0.2c 

0. 12 

0.00 

Strain,  uln./ir. 

869 

516 

398 

**57 

.‘30 

Stress,  psl 

c'6?C 

3160 

3980 

1*5(0 

6958 

7691 

Strain,  pin. /in. 

-12 

104 

196 

i4q 

1235 

1947 

Stress,  Dsi 

-i20 

lOhO 

iibo 

34^0 

6650 

T193 

Tia-ust,  Lb/in, 

81 

137 

194 

262 

442 

484 

Mcjncn:,  in.-lb/inr 

-0.99 

-0.75 

-o.?o 

-0.38 

-O.li 

-0.18 

Strain,  pin. /in. 

275 

375 

462 

713 

1336 

2564 

Stress,  psi 

2?5C 

mo 

4620 

5711 

6726 

7531 

Strain,  pin. /in. 

->1 

80 

159 

353 

1C14 

1276 

Stress,  psi 

-1;C 

Soo 

1590 

3530 

6241 

6677 

ThTJSt.  ib/in. 

bf. 

04) 

202 

S22 

4?3 

464 

Mceoent,  in. -Ib/in. 

-l.Ol 

-1.01 

-1.07 

-0.‘,'7 

-0.18 

-0-30 

l-:a:5-3a 

Avg  t-hrust,  Ib/in, 

119 

23? 

316 

376 

— 

Avg  thrust,  Ib/in. 

8; 

113 

1^6 

292 

433 

U74 

q 

C.Ofj 

1.04 

1.20 

i.09 

0.87 

— 

Test  A-, 

l-ii-sj 

^i6  in. ^ 

1 

Strain,  pin. /in. 

-2ijr 

i.43 

}.u82 

2667 

2445 

1748 

-2070 

445c 

6640 

7586 

7466 

7052 

Strain,  pin. /in. 

32^ 

162 

.i62 

81 

1462 

5962 

Stress,  p.-Jl 

^40 

1620 

•  iii;0 

81c 

6825 

9130 

1-ltt 

Thruot,  ib/in. 

38 

197 

283 

398 

466 

f?.l 

Jfement.,  in. -ib/in. 

1.87 

-i.OO 

.2.86, 

-i.68 

-0.22 

0.74 

::train,  tiin./in. 
Stress,  pai 
Strain,  jiir./iJ'* 
Stre;^,  psi 
Thrust,  Ib/ln. 
Mwaent,  In.-lb/in, 

Strain,  ^in./in. 
Streams  pui 
Strain,  pin. /in. 
Stress,  psi 
Thr'  rt,  ;b/in. 
Momeiit.  in.-ib/iti. 

Strain,  pin. /in. 
Stress,  psi 
Strain,  pin. /in. 
Stress,  pai 
rnrust,  IV/in. 
>kment,  in.-lb/in. 

Avf;  tlirustj  Ib/Jn. 
Avc  lltfust,  Ib/in. 

q 


1 

Strain,  pin. /in. 
St.res.';.  psi 

la 

Strain,  pin./in. 
StrtwS,  pr.i 

a-u 

Thrusv,  ib/in. 
Mowent,  in.-lb/.ln. 

j 

Strain,  pin. /in. 
Stress,  psi 

jU 

Strair.,  pin. /in. 
.;trcss,  psi 

Tlirusl,  Ib/iri. 
Moment,  in, -ib/in. 

Strain,  pjn./in. 
Stress,  psi 

2a 

Strain,  uln./in. 
Stress,  psi 

2  •  2a 

Tlu'uct,  Ib/in. 
Mcdnent ,  i  n .  - 1  b/i  n . 

It 

Strain,  pin  /in. 
Streus,  pul 

4a 

Strain,  pin. /in. 
Stress ,  pai 

U.4a 

TiiTust,  Ib/ln. 
Moment,  in.-lb/in. 

l-la:.i-3a 

Avc  thrust,  Ib/in, 

2-Jaj4-4a 

Avg  thrust,  Ib/lh. 

q 

518 

656 

702 

676 

Til 

737 

5080 

5614 

5692 

5646 

5707 

5753 

82 

98 

155 

221 

262 

31  i 

820 

980 

1550 

2210 

2620 

3110 

1^ 

23? 

264 

279 

297 

314 

-1  53 

-i.75 

-1.57 

-1.29 

,  -1.14 

-0.94 

361 

6ca 

1133 

2699 

3667 

4892 

3610 

^454 

6450 

7603 

8109 

8702 

199 

373 

•<72 

2414 

3634 

4505 

1990 

3730 

5815 

7449 

8083 

8512 

182 

309 

399 

489 

526 

559 

-0.57 

.0.62 

-0.22 

.0.05 

-0.01 

-0.07 

559 

839 

1440 

3433 

4399 

56'/o 

5262 

5933 

68l4 

79^ 

8559 

9031 

74 

221 

959 

2754 

3611 

4770 

740 

2210 

61.V* 

7633 

8170 

8642 

2* 

304 

425 

5^ 

540 

575 

-1.67 

.1.32 

.0.24 

-0.12 

•O.IO 

-0.13 

239 

318 

365 

405 

439 

•  - 

1,3 

307 

'♦12 

490 

533 

^67 

1.24 

1,04 

O.O9 

y.6l 

0.82 

-- 

list  A-8 

(Z  «  7/ 

''16  in. ) 

906 

1293 

1188 

1135 

1355 

1557 

169s 

1707 

6051 

4600 

6547 

6454 

6739 

6900 

7012 

7015 

166 

443 

1773 

3574 

5154 

7094 

9726 

12303 

l66u 

443c 

7072 

8054 

8818 

9618 

10703 

11569 

?99 

36f 

444 

<.80 

511 

545 

584 

618 

-1.56 

-0.64 

0.17 

0.52 

0.71 

0.93 

1.26 

1.58 

849 

1236 

1529 

1804 

2133 

2437 

-. 

-- 

5950 

6631 

6;  78 

7097 

729; 

7461 

.. 

-- 

17 

50 

127 

283 

371 

533 

749 

1004 

170 

5“0 

1270 

2630 

3710 

5147 

5774 

6223 

250 

308 

349 

390 

414 

435 

.. 

.. 

-2.17 

-2.02 

-1.68 

-1.14 

-0.93 

-o.it 

” 

'■ 

620 

787 

2290 

4060 

5487 

7348 

9329 

11333 

5841 

7381 

8303 

8956 

9723 

10539 

11252 

176 

427 

1586 

3297 

4581 

0-65 

7853 

9564 

i7bO 

4270 

6923 

7918 

6549 

9.94 

9931 

10636 

253 

347 

466 

527 

569 

615 

665 

712 

-1.41 

-0.49 

-0.16 

-0.14 

-0.14 

-0.19 

-0.21 

«0.21 

606 

836 

2155 

3677 

4945 

6568 

8242 

9890 

5»*8t 

5927 

7307 

8104 

8728 

9401 

10091 

10771 

201 

437 

1413 

2926 

4305 

5685 

7367 

8611 

WIO 

4370 

6786 

7726 

6413 

9037 

9731 

10243 

258 

353 

459 

515 

557 

399 

644 

683 

-1.29 

.0.47 

-0.19 

-0.13 

-O.U 

.0.13 

-0.13 

-0.19 

275 

347 

39'/ 

'•SS 

463 

490 

.. 

-- 

256 

350 

463 

521 

563 

607 

655 

696 

1.07 

0.99 

0.66 

0.83 

0.82 

0.81 

•• 

— 

(Continuad) 
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IttlA  5.3  (CCAClUdod) 


6fartaaaaure. 

Ml 

- -  1 

-jte _ 

—sL 

-4^ 

xjp 

ioo 

:^o6 

900 

-"W 

^  1 

tkkt  A.7  (Z  .  7/6  ia. ) 

i 

1 

ttnia,  tiln./Xa. 

-155 

m 

915 

675 

766 

831 

1078 

1389 

1857 

2338  1 

nrkkk,  ^ 

-1550 

1030 

9150 

5699 

5809 

5919 

6353 

6767 

7139 

7907  ' 

U 

StTkta^  itlk./ia. 

4fl 

275 

461 

769 

1271 

1597 

2268 

2972 

3839 

9365  ; 

StokM,  Ski 

25t^^ 

2750 

96 1C 

5809 

6673 

6892 

7369 

7751 

8189 

8993 

I-U 

ttgriut,  li/in. " 

31 

.’23 

285 

372 

906 

422 

953 

975 

999 

516 

ttakut,  ik.'iV^* 

1.1*3 

0.61 

0.16 

0.06 

0.31 

0.35 

0.33 

0.39 

0.37 

0.36 

3 

Btrktn,  tilk./ia. 

-lilt 

61 

217 

330 

391 

uoo 

978 

530 

626 

v;78  I 

9trk«,  pki 

•liliO 

610 

2170 

3300 

3910 

9000 

9780 

5133 

5558 

5699  i 

3k 

StMia^  aln./tAi 

185 

295 

277 

305 

376 

925 

526 

659 

861 

1106 

StFkM,  ptl 

1850 

2950 

2770 

3050 

3760 

4250 

5125 

5616 

5971 

6903  ^ 

3-> 

Xhruft,  Ui/ia. 

li« 

99 

161 

206 

2^9 

268 

324 

352 

375 

3^  j 

IfeCMBt,  la.-lV^- 

0.61 

0.65 

^•213 

-0.C9 

-0.05 

0.(J9 

0.12 

c.ie 

0.15 

0.27  i 

s 

nrkia,  Hle./lii. 

258 

371 

936 

662 

1551 

2650 

9o6B 

5510 

8916 

8o9?  j 

StTMn,  pal 

2580 

3710 

9360 

5521 

6B95 

7577 

8307 

8965 

9595 

lOOU  ^ 

2k 

Strkin,  laa./lk. 

35 

70 

295 

920 

1398 

2396 

3799 

5078 

6926 

7999  ! 

StTku,  p>i 

350 

700 

2950 

9200.' 

6739 

791’ 

8169 

8787 

9393 

9783  1 

2-2ft 

Iliruct,  xVlBk 

95 

193 

221 

332 

993 

987 

535 

577 

619 

693  1 

Mr—llt,  ik.-U/ll^- 

-0.79 

.1.06 

-0.67 

-0.99 

-0.06 

-0.06 

.0.05 

-0.06 

-0.07 

-0.08  1 

k 

StnlBf  idA./la. 

262 

959 

689 

1025 

!l51t 

3765 

5910 

7107 

8991 

10289  1 

8tr«««,  pal 

2820 

9590 

5669 

6260 

7501 

8198 

8929 

9629 

10900 

10910  i 

>tk 

Stnla,  ula./iAk 

-16 

66 

212 

975 

2097 

2915 

9988 

6099 

7518 

8681  1 

StrkM,  sfl 

.160 

660 

2120 

9750 

7297 

7720 

8503 

9185 

9793 

10272 

M»* 

Ttanut,  Ui/lB. 

86 

171 

2T9 

372 

979 

516 

567 

611 

£56 

689 

NoMkat,  In.-lV^* 

.1.05 

-1.38 

-1.33 

•0.44 

-0.09 

-0.15 

-0.15 

-0.15 

-0.21 

-0.23 

Avt  ttaract, 

39 

UI 

223 

289 

328 

395 

389 

919 

937 

951 

2-2kt>u)lk 

Avg  tbruat,  U/la. 

91 

157 

250 

352 

961 

502 

551 

599 

635 

666 

% 

G.I13 

0.71 

0.89 

0.62 

O.jj^ 

£.69 

0.71 

0.70 

0.69 

0.68  f 

f 

Ikkt  A-6  (Z  .  l-lA  la.) 

I 

BtTklS,  UlB./la. 

-9C 

-26 

167 

SJO 

619 

683 

812 

1957 

1359 

1793 

StnM,  psl 

-900 

-26o 

1670 

3900 

5529 

5658 

5865 

6316 

6739 

7068 

u 

8tr*lA» 

218 

339 

985 

726 

1059 

1237 

1980 

1893 

2321 

2831 

StcvM,  pci 

2180 

3390 

9850 

5737 

6320 

6633 

6839 

7163 

7398 

idth 

1-U 

Thnut, 

42 

lOS 

212 

333 

386 

399 

9l8 

443 

961 

980 

Hgaaat,  lii,>lVxxi' 

i.oe 

1.29. 

1.12 

0.62 

0.27 

0.39 

0.35 

0.27 

0.23 

0.20 

3 

Stxkia,  lUn./ta. 

9 

198 

331 

531 

aeo 

1159 

1956 

1537 

2367 

2875 

StMU,  psl 

90 

1980 

3310 

5138 

.5065 

6996 

6820 

718? 

7923 

7698 

3k 

StVmlB,  uia*/ln. 

106 

90 

8  . 

-98 

-229 

-327 

-425 

•532 

-581 

-606 

Stkklk,  pai 

1060 

900 

8u 

•960 

•  2290 

-3270 

.92' 

-5192 

•5360 

-5971 

3-3k 

Svukt,  iV^- 

37 

77 

110 

l4o 

183 

201 

2. 

239 

269 

HoMBt,  iB.'lViO' 

0.3X 

•0.20 

-l.l4 

•2.21 

-5*i7 

-3.6! 

-3.915 

-4.25 

Jt.25 

-4.U 

2 

StrsU,  ulA./ia. 

262 

525 

708 

939 

1389 

2529 

3592 

5162 

6199 

7290  ' 

ktrku,  vkl 

2620 

5111 

5702 

6100 

6767 

7512 

8063 

8822 

9227 

.1683 

2« 

Stnla,  itin./in. 

•31 

-4i 

123 

260 

793 

1759 

2779 

9255 

5215 

6669 

Stnu,  pki 

.310 

.910 

1230 

2600 

5769 

7057 

7699 

8389 

6899 

9996 

2*2a 

Itanikt,  U^io. 

75 

157 

256 

325 

411 

979 

511 

560 

587 

622  ! 

MoMat,  ln.-1'b/la. 

-i.03 

-1.99 

-1,70 

*1.16 

-0.37 

.0.15 

.0.15 

-0.15 

.0.13 

-o.oe 

It 

etkkia,  |iiB,/lB. 

199 

399 

987 

612 

1161 

2288 

3921 

5113 

6307 

7890 

StracBj  pal 

1990 

3990 

9870 

5998 

6999 

7380 

7979 

8802 

9951 

Ilk 

Straia,  itla./la. 

0 

63 

15a 

305 

loee 

2092 

3019 

9535 

5996 

6899 

Strku,  pki 

0 

680 

1580 

3050 

6265 

7272 

7776 

6526 

8959 

9592  < 

VHk 

Bvukt,  XV^- 

65 

152 

210 

291 

915 

976 

51s 

563 

593 

639  3 

Haaaat,  la.-xV^' 

0.70 

-I.IT 

-1.16 

-0.90 

-0.08 

-0.09 

-0.07 

-0.10 

-0.12 

-0.19  ? 
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table  $.d  (ConiliM) 


ovencfsnre. 

P«i 

-SiMR.^ 

Wimirunt 

3L.  ■ 

i66 

_i2L  Ji&- 

JSST  -iSL. 

-222. 

'"ISS" 

440 

Ten  8-3  (t  •  7A6  lA.)  (Coitlmnd) 

13 

Strala,  ulo./ta. 

-91 

-12 

161 

518 

1313 

2786 

633. 

5668 

3trtu.,  fai 

-920 

-120 

1610 

6678 

6259 

7609 

816^ 

&j’ll 

IV 

Stndf>j  vie  /in. 

3sn 

Ado 

716 

1091 

1995 

3690 

5«9 

6512 

8tJr«tu*.  I'fl 

3270 

6579 

5.96 

i.0^3 

6955 

7875 

0538 

9062 

IMfc 

tbruat)  Ib/ii). 

76 

152 

256 

352 

429 

697 

563 

579 

ilaa^it,  la.-lb/ia. 

-l.W 

-1.72 

-1.28 

-0.51 

-C.24 

-0.16 

-0.13 

-0.12 

15 

'^.Q»  MlnVla- 

36 

65 

165 

636 

1220 

27Ca 

3831 

5385 

pel 

3W 

69c 

1650 

636c 

6166 

7360 

7960 

8612 

8%ralr, 

173 

302 

590 

U38 

2318 

6306 

6163 

7953 

9tres«»  F«1 

1730 

^020 

6867 

6ce,’ 

7141 

8159 

893a 

9680 

I'i-ie 

Tfarute,  Ib/lA. 

C7 

121 

2j« 

36a 

636 

506 

569 

595 

Ncavtct,  In.-lb/ts. 

-0.69 

-o.es 

-1.22 

-0.61 

-0-36 

-0.26 

-0.33 

DGl 

Dvflectloc,  In. 

0.017 

0.026 

0.035 

0.0«*3 

0.055 

0.070 

0.066 

0.105 

C>C2 

9efl«ctlo^,  in. 

C.017 

o.ce2 

C.OTT 

0.031 

0.035 

0  037 

0.039 

0.061 

1-2;9“10 

Arf  thrust 

9C 

157 

231 

310 

381 

431 

606 

i-ias-w 

Avg  thrust 

75 

169 

262 

356 

633 

69c 

542 

580 

0-55 

0.60 

0.^0 

0.65 

0.72 

0.77 

0.80 

0.83 

Test  K-1  It 

-  7/8  in.) 

1 

Strain,  uSn./in. 

365 

635 

917 

1237 

1626 

1989 

3530 

3253 

3885 

Stxcaa,  p«l 

3650 

6966 

5723 

6182 

6579 

6969 

7262 

7656 

79n 

2 

Strain,  pin. /in. 

-226 

-272 

-266 

-214 

-98 

29 

324 

753 

1268 

8*r«as,  pel 

-ZKjO 

-27^.0 

-2660 

-21‘  0 

-980 

290 

3260 

5293 

6213 

12 

Thrust,  Ib/ln. 

65 

109 

167 

226 

292 

340 

600 

662 

47c 

hnaeat,  In.-lb/in. 

?.06 

2.96 

3.U 

2.93 

2-3'.’ 

1.85 

1.07 

0.76 

0.59 

3 

Strain,  pin. /in. 

37 

70 

lt8 

,397 

987 

1821 

2933 

3828 

6816 

Stress,  pal 

370 

TOO 

1460 

3870 

5906 

f>W 

7692 

7^ 

em 

k 

^Strain,  pin  ./in. 

151 

307 

531 

937 

19^5 

2899 

6179 

5526 

6808 

Stress,  psi 

1510 

307c 

4712 

5775 

69-4 

7672 

8105 

8672 

9205 

3-^ 

!^trust,  Ib/in. 

61 

123 

217 

327 

417 

665 

507 

560 

571 

Moaeat,  in.-lb/in. 

-O.bO 

•0.d3 

-1.23 

-0.56 

'0.35 

-0.23 

-0,22 

-0.25 

-0.29 

5 

Strain,  uin./ln. 

-57 

190 

538 

1306 

2129 

3236 

6629 

5651 

Stress,  psl 

-570 

260 

IW 

6730 

6250 

7036 

7668 

8210 

8639 

6 

Strain,  pin./Vj. 

273 

639 

66? 

105. 

2ce8 

3369 

6866 

6176 

7392 

Stress,  ptl 

2730 

6390 

5107 

6033 

6976 

7716 

6396 

8963 

9668 

i-i 

Thrust,  Ib/lA. 

70 

150 

257 

35i* 

630 

68C 

522 

558 

580 

Hcaent,  in.-lb/ln. 

-1.V6 

-1.66 

-1.15 

-0.69 

•O.26 

-0.26 

-0.26 

-0.26 

-0.28 

7 

8tr<*in,  pin. /in. 

306 

656 

609 

913 

1217 

1522 

2262 

2891 

3367 

Stress,  psl 

3060 

6516 

6918 

5712 

6161 

6672 

7121 

7668 

7703 

8 

Strain,  pin. /in. 

26 

75 

178 

387 

827 

nil 

2202 

3770 

.3871 

StrMt,  p.1 

260 

750 

1780 

3870 

5687 

6053 

7075 

7565 

7966 

7-6 

thrust,  Ib/in. 

107 

173 

242 

325 

386 

607 

6a 

6^ 

509 

MoiM«t^  in.-lb/ifl. 

0.96 

1.36 

1.17 

0.56 

0.23 

0.15 

0.02 

-0.03 

-0.09 

9 

Strain,  pin. /in. 

112 

U2 

112 

162 

369 

686 

1129 

1629 

1916 

Stress,  psl 

1120 

1120 

U20 

1620 

3690 

5118 

6OT2 

6582 

6872 

It 

Stnia,  win. /in. 

56 

169 

296 

650 

662 

910 

1238 

163,6 

1862 

Stress,  psl 

560 

’.690 

««0 

6500 

5055 

5725 

6163 

6382 

6799 

9-10 

Thrust,  Ib/in. 

55 

91 

132 

199 

296 

352 

39B 

421 

666 

llQae.it,  in.-lb/in. 

0.20 

•0.20 

-0.64 

-1.01 

-0.69 

-0.21 

-0.06 

0  07 

0.03 

U 

Strain,  pin. /in. 

72 

107 

288 

675 

893 

1339 

2059 

2806 

3586 

Stress,  psl 

720 

1870 

2880 

6565 

5660 

6286 

6996 

7621 

7823 

12 

Et.'ain,  pin  ./in. 

52 

124 

195 

357 

685 

1067 

1690 

2390 

31’.5 

Stress,  psl 

520 

.1240 

1950 

3570 

5115 

5988 

6666 

7182 

7588 

U-12 

Thrust ,  Ib/ln. 

UO 

101 

157 

269 

350 

399 

444 

675 

501 

Mosent,  in.-lb/in. 

0.07 

0.22 

0.33 

0.38 

0.19 

0.10 

0.13 

0.08 

o.oe 

13 

Strain,  pin. /in. 

-33 

69 

262 

687 

2021 

2781 

6057 

5666 

6528 

Stress,  psl 

-330 

690 

2620 

5121 

6972 

7605 

8056 

8665 

9089 

lit 

Strain,  pin. /in. 

281 

655 

718 

1201 

2631 

3676 

5068 

6501 

7575 

Stress,  ptl 

2810 

6513 

5202 

>165 

7206 

7867 

868? 

9078 

9526 

13-11) 

Thrust,  Ib/in. 

81 

166 

28l 

372 

6a 

697 

538 

576 

605 

Ndsent,  in.-lb/ln. 

-1.11 

-1.63 

-0.86 

-0.38 

-0,06 

-0.16 

-0,15 

-0.15 

-0.15 

15 

Strain,  pin  ./in. 

28 

69 

152 

388 

1052 

1953 

2966 

6161 

6972 

Stress,  psi 

280 

690 

1520 

3880 

599*) 

6912 

7509 

8089 

8638 

16 

Strain,  pin. /in. 

156 

361 

6U 

1081 

2068 

3116 

6579 

5987 

7133 

Stress,  psi 

1560 

3610 

6922 

6023 

698- 

7587 

8273 

8865 

9360 

15-16 

Thrust,  Ib/ln. 

60 

133 

236 

339 

623 

672 

516 

551 

578 

McMent,  In.-lb/iii. 

-0.5*5 

-0,96 

-1.28 

-0.66 

-0.36 

-0.23 

-0.27 

-0.27 

-0.32 

DCl 

0ef lection,  in. 

0.016 

o.oei 

0,027 

0.033 

0.062 

0.050 

0.060 

0.070 

0.079 

DC2 

Peflection,  In. 

0.013 

0.017 

o.ceo 

0.023 

0.025 

0.02; 

0.029 

0.030 

1-229-10 

Avg  thrust 

50 

100 

150 

214 

293 

366 

399 

631 

657 

5-6:13'11) 

Avg  thrust 

76 

157 

269 

363 

666 

689 

•’0 

567 

597 

Q 

0.66 

0.66 

0.56 

0.59 

0.66 

0.71 

0,75 

0.76 

0.77 

•PaUe  5.9 

Strain,  Stress,  Itarust,  and  Moaeot;  Tests  E>U,  E«$,  E-6 


Measurement 

— 7esi  e-'g - 

Z  X  0  in. 

P  =251*  psi 
so 

Test  E-5 

Z  «  7/16  in. 

P  =  262  psi 
sc 

Test  E-4 

2  «  7/8  i 

P  .=  264 
so 

Strain,  ^lin./in. 

581*1 

7899 

5698 

Stress,  psi 

8803 

9658 

8743 

Strain,  (lin./in. 

3637 

4881 

3849 

Stress,  psi 

9933 

8400 

7955 

Thrust,  Ib/in. 

610 

587 

543 

Moment,  in,-lb/in. 

-O.UO 

C.44 

0.27 

Strain,  nin./in. 

3207 

3949 

3326 

Stress,  psi 

7634 

80(A 

7693 

Strain,  uin./in. 

5131 

6189 

5344 

Stress,  psi 

8505 

8948 

8594 

Thrust,  Ib/in. 

526 

551 

531 

Moment,  in. -Ib/in. 

-0.30 

-0.33 

-0.31 

Strain,  uin./in. 

4197 

5582 

4802 

Stress,  psi 

8113 

8694 

8367 

Strain,  ^in./in. 

4654 

4946 

5392 

Stress,  psi 

8305 

8427 

8615 

Thrust,  Ib/in. 

53^* 

556 

552 

Moment,  in. -Ib/in. 

-0.07 

0.09 

-0.09 

Strain,  ^In./in. 

5878 

7562 

6045 

Stress,  psi 

8819 

9518 

8889 

Strain,  ^in./in. 

3944 

5904 

4565 

Stress,  psi 

8002 

8830 

8267 

Thrust,  Ib/in. 

547 

596 

558 

Moment,  in. -Ib/in. 

0.29 

0.24 

0.22 

Strain,  iiin./in. 

5098 

6552 

5300 

Stress,  psi 

8491 

9099 

8576 

Strain,  jiin./in. 

3622 

4991 

3653 

Stress,  psi 

7841 

8446 

7856 

Thrust,  Ib/in. 

532 

570 

535 

Moment,  in.'*lb/in. 

0.23 

0.23 

0.25 

Strain,  ^in./in. 

4415 

6537 

4503 

Stress,  psi 

8204 

9093 

8241 

Strain,  (lin./in. 

5347 

5148 

4890 

Stress,  psi 

8596 

8512 

84o4 

Thrust,  Ib/in. 

546 

572 

541 

Moment,  in. -Ib/in. 

-0.14 

0.20 

-0.06 

Strain,  jiin./in. 

3233 

5350 

3757 

Stress ,  psi 

7647 

8597 

7909 

Strain,  pin. /in. 

3949 

4969 

4297 

Stress,  psi 

8004 

8437 

8155 

Thrust,  Ib/ln. 

509 

554 

522 

Moment,  in. -Ib/in. 

-0.13 

0.06 

-0.09 

Strain,  pin. /in. 

2651 

3581 

3630 

Stress,  psi 

7331 

7821 

7645 

Strain,  pin. /in. 

4898 

6172 

5499 

Stress,  psi 

8407 

8941 

8660 

Thrust,  Ib/in. 

514 

546 

537 

Moment,  in. -Ib/in. 

-0.38 

-0.39 

-0.23 

Avg  thrust 

571 

579 

539 

Avg  thrust 

521 

555 

537 

q 

1.10 

1.04 

1.00 

96 


T»ble  5  10 

St.r%iA,  Stress,  Zhr\tt^,  Mcmo^.  tad  J^eflectiooi  Teirtg  IVl,  r>-2,  D-3,  0-5 


1 

Strain, 

m 

66'- 

2881 

I6l9t 

Strfrus,  pfii 

J93'’ 

*91*9 

628‘.t 

— 

z 

Strain^  uln./lri. 

-181- 

.99! 

-1036 

Stress,  psi 

-16I<0 

-3677 

1-2 

Thrjst,  li>/ln. 

35 

58 

179 

— 

Mcsent,  in.-lb/ui. 

16S 

3.23 

i».23 

— 

3 

Strain, 

-57 

12 

27 

-1710 

Stress,  psi 

-570 

120 

270 

-5512 

U 

Strain,  pin. /la. 

195 

221* 

«02 

''109 

Stress  i,  psi 

195C 

2260 

3583 

6157 

3-i* 

Thrust,  Ito/ln. 

US 

77 

13? 

278 

Nonent,  ln,-lb/lr.. 

-0.89 

-C.75 

-1.25 

-b  .61 

5 

Strain,  Min ./in. 

190 

-59 

-5^*2 

-398 

Stress,  psi 

1900 

->9C 

-3957 

-3571 

6 

Strain,  Mln./ln. 

265 

1303 

2ii*2 

Stress,  psi 

-5^0 

:^50 

5161 

5845 

5-6 

Thrust,  Ib/in. 

kk 

67 

125 

223 

Kesiefit,  ir..-lb/in. 

0.86 

-l.ll* 

-3.61 

-2.89 

7 

Strain,  Mia  ./in. 

88 

-12 

266 

Stress,  psi 

360 

-320 

-120 

2680 

8 

Strain,  Min. /in. 

-39 

LI2 

236 

81 

Stress,  psi 

-390 

1120 

2360 

810 

7-S 

Thrust,  Ih/in. 

16 

26 

73 

113 

Hcaent,  ia.-lb/ln. 

0.45 

-0.51 

-o.6y 

0.66 

9 

Strain,  Min./in. 

-136 

y*i 

1609 

3040 

Stress,  psi 

-1360 

3**03 

5**2U 

6380 

10 

Strain, 

163 

-222 

•1073 

-1718 

Stress,  psi 

1630 

-2220 

-4963 

-5517 

9-10 

Thrust,  Ih/in. 

9 

39 

67 

103 

Movent,  In.-lb/ln. 

-i,.05 

X.98 

4.60 

5.23 

IJ. 

Strain,  itin./Ui. 

60 

-6 

-66 

90 

Stress,  psi 

600 

-60 

-660 

900 

12 

Strain, 

-n 

81 

237 

188 

Stress,  psi 

-no 

810 

2370 

1880 

11-12 

Thrust,  Ib/ln. 

16 

au 

56 

90 

Mcatent,  in.-lb/in. 

0,25 

-0.31 

-1.07 

-0.55 

13 

Strain,  Min. /in. 

525 

389 

204 

642 

Stress,  pal 

3922 

33W1 

2040 

4162 

ll 

Strain,  uln./in. 

— 

— 

— 

Stress,  psi 

— 

— 

— 

-• 

IB-lU 

Thrust,  Ib/ia. 

— 

— 

— 

— 

Mcvent,  in.-lb/in. 

— 

— 

" 

— 

15 

Strain,  Min./in. 

-348 

-321 

-417 

-3980 

Stress,  pel 

-3424 

-3210 

-3627 

-6864 

16 

Strain,  M-tn./in. 

799 

1065 

1725 

9744 

Stress,  psi 

4484 

4956 

5525 

9171 

15-16 

TYiTust,  Ib/ia. 

102 

148 

191 

220 

Movent,  in.-lb/in. 

-2.97 

-2.88 

-3.08 

-6.43 

DCl 

Hef lection,  in. 

0 

0,016 

c-wa 

0.165 

0C2 

Deflection,  in. 

-0.002 

0,024 

0.056 

0.070 

1-2:9-10 

Avg  thrust 

22 

49 

123 

— 

5-'":  13-1^ 

Ayg  thrust 

— 

— 

— 

— 

<1 

0.50 

0.73 

0.98 

” 

Test  D-7  (Z  •  1 

r/l6  tn.) 

1 

Strain,  Min. /in. 

-n 

476 

1585 

4o43 

14400 

Stress,  psi 

-no 

3799 

5403 

6888 

IC634 

2 

Strain,  pin. /in. 

195 

-251 

-832 

-1530 

-9231 

Stress,  psi 

1950 

-2510 

-4554 

-5356 

-8974 

1-2 

Thrust,  Ib/in. 

60 

67 

102 

182 

140 

Movent,  in.-lb/in. 

-0.73 

2.39 

4.22 

4.84 

8.54 

3 

Strain,  Min./in. 

159 

235 

320 

353 

-73S 

Stress,  psi 

3590 

2350 

3200 

3430 

-4360 

Straiii,  Min./in. 

-26 

56 

82 

256 

4665 

Stress,  psi 

-260 

560 

820 

2560 

7156 

3-4 

Thrust,  lt/ln> 

43 

95 

131 

190 

207 

Movent,  in.-lb/ln. 

0.65 

0.63 

0.84 

0.33 

-3.30 

5 

Strain,  Min>/in« 

21*  ! 

-78 

-476 

-740 

-266 

Stress,  psi 

2440 

•780 

-3799 

-4364 

-2660 

6 

Strain,  Min./in. 

-147 

356 

1260 

2035 

2410 

Stress,  psi 

-1470 

341(7 

5124 

5761 

6C!06 

5-6 

Thrust,  Ib/ln. 

38 

90 

134 

158 

261 

Novent,  in.-lb/ln. 

1.38 

-1.52 

-3.42 

-3.92 

-2.35 

7 

Strain,  pin. /in. 

— 

— 

— 

” 

— 

Streea,  pei 

mm 

-- 

— 

— 

— 

8 

Strain,  uln./in. 

341 

407 

445 

428 

422 

Stress,  psi 

3403 

3597 

3708 

.3659 

3641 

7-8 

Thrust,  Ib/in. 

« 

— 

— 

— 

— 

Novsnt,  in.-lb/ln. 

" 

” 

" 

•• 

" 

Q 

Strain,  Min./in. 

74 

285 

618 

1014 

1490 

Stress,  pal 

740 

2850 

4113 

4918 

5181 

10 

Strain,  uln./in. 

42 

-UU 

-350 

-506 

-',74 

Stress,  psi 

4») 

-U40 

-3489 

<3882 

-4X2 

9-10 

l^vrust,  Ib/in. 

38 

56 

68 

96 

139 

NCBSnt,  In.-lb/tn. 

O.U 

1.40 

8.91 

3.53 

3.65 

11 

Strain,  uln./in. 

13 

153 

398 

717 

U95 

Strsss,  pal 

130 

1530 

3553 

4317 

5068 

12 

Strain,  ulA./.tn. 

103 

24 

*  -108 

-195 

-171 

Stress,  pal 

1030 

S40 

-1060 

•1950 

-1717 

U-12 

Thrust,  Ib/in. 

38 

56 

91 

132 

199 

NoBint,  in.-lb/ln. 

•o.ie 

0.45 

1.78 

2.33 

2.83 

(CootlnMd; 
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iki  -3 


VbiM  5-10  (Continued) 


ocz 

DC2 

1-2:9-10 

:j-6:13-1‘‘ 


S^r«ln,  uiA«/ln 
Stress »  p9i 
Strein,  ulA-/in. 
■Stress,  psi 
Intrust,  Ib/in. 
Mcstent,  in>-lb/in. 

Struin, 

Stress,  psi 
Strain,  Min./ln. 
Stress,  psi 
Thrust,  Ih/ln: 
NoBent,  is  -Ib/in. 

Peflectlrn,  is. 
Tteflectios,  is. 
Avg  thrust 
Avg  thr  ^t 

q 


Test  IK2  (Z  »  7/16  is. 


PCI 

DC2 

1-2:9-10 

$-6:13-14 


Stmis, 

Stress,  psi 
Str&ln,  pis  ./in. 
Stress,  psi 
Kurust,  Ib/is. 
Noaent,  is.-lb/ln. 

Strsis,  uln./in. 
Stress,  psi 
Strain,  pin  ./in. 
Stress,  psi 
nuust,  Ib/in. 
Mcnent,  In.-lb/in. 

Strain,  pin  ./in. 
Stress,  psi 
Strain,  pin ./in. 
Stress,  psi 
Thrust,  Ib/in. 
Moient,  In.-lb/in. 

Strain,  pin. /in. 
Stress,  psi 
Strain,  pin./in. 
Stress,  jjMii 
Thrust,  Ib/ln. 
Hanent,  In.-lb/in. 

Strain,  pin. /in. 
Stress,  psi 
Strain,  pin. /in. 
Stress,  psi 
Thrust,  Ib/in. 
Nonent,  ir> -Ib/in. 

Strain,  pin. /in. 
Stress,  psi 
Strain,  pin. /in. 
Stress,  pel 
Thrust,  Ib/ln. 
Honnt,  In.-lb/ln. 

Strain,  pin. /in. 
Stress,  psi 
Strain,  pin./in. 
Stress,  pal 
Thrust,  Ib/ln. 
Honent,  in.-lb/ln. 

Strain,  pin./in. 
Stress,  psi 
Strain,  pin./in. 
Stress,  pal 
Thrust,  Ib/in, 
NoMnt,  in*-lb/ln. 

Dsfltction,  in. 
Dsf lection,  in. 
Avg  thrust 
Avg  thrust 


319 

2376 

7863 

13973 

„ 

3190 

5986 

8447 

10502 

— 

-264 

-1390 

-4063 

-9730 

— 

-2640 

-5235 

-6897 

-9166 

— 

le 

96 

159 

115 

— 

2.05 

4.95 

6.57 

8.66 

— 

-4S 

-222 

-386 

-1052 

-9530 

-I90 

-2220 

-3535 

-4945 

-9089 

167 

593 

1493 

3068 

17656 

1670 

4062 

5324 

6395 

— 

38 

102 

178 

183 

— 

-0.76 

-2.40 

-3.04 

-4.30 

— 

30 

-438 

-651 

-533 

166 

300 

-3686 

-4l8l 

-3938 

1660 

118 

636 

1447 

1554 

1206 

1180 

4562 

5284 

5376 

5077 

48 

84 

120 

153 

265 

-0.31 

-3.30 

-3.86 

-3.52 

-0.96 

-136 

44 

515 

946 

12U 

-1380 

440 

3901 

4709 

5081 

•• 

“ 

— 

•• 

.. 

.. 

.. 

— 

— 

— 

-- 

” 

871 

527 

703 

802 

841 

2710 

3926 

4286 

4k92 

4572 

-261 

-522 

-657 

-657 

-687 

-2610 

-3915 

-4193 

-4193 

-4255 

3 

1 

9 

28 

29 

1.87 

3.26 

3.69 

3.77 

3.84 

-i6i 

194 

871 

1419 

1504 

-1610 

1940 

4634 

5260 

5333 

161 

-50 

-448 

-589 

-606 

1610 

1 

8 

-3717 

-4053 

-4068 

0 

47 

87 

126 

134 

-1.13 

0.86- 

3.34 

3.71 

3.74 

94 

-230 

-325 

-168 

691 

940 

-2300 

-3250 

-1680 

4263 

-24 

478 

918 

1003 

762 

-240 

3805 

4731 

4971 

4410 

23 

74 

127 

108 

282 

0.42 

-2.32 

-2.89 

-2.24 

-0.05 

•154 

-306 

.4U 

•1101 

-7581 

-1540 

-3060 

-3609 

-4967 

-0339 

295 

707 

1521 

3278 

14530 

2950 

4296 

53‘»0 

6502 

10674 

46 

90 

175 

186 

195 

-1.58 

-2.79 

-3.12 

.4.34 

-8.03 

0.013 

0.050 

0.142 

0.171 

0.186 

0.0C7 

0.040 

0.073 

0.008 

0.093 

u 

49 

84 

72 

« 

36 

79 

124 

171 

274 

0.31 

0.62 

0.66 

0.42 

— 

,  pin  ./in. 
I»1  . 
pin./in. 

,  Ib/u. 
tn-.lb/ta. 

I  )(lii./ln. 

,  Ib/iB. 

,  In ••Ib/ln. 

,  nln./ln- 

I  P«1  , 

,  nln./ln. 

>  u/tn.  , 

I  In.. Ib/in. 


2090 

5370 

9051 

6290 

7459 

0905 

•1201 

•1504 

•1966 

-W3 

•5402 

-5731 

154 

232 

312 

4.60 

4.68 

4.74 

2U 

737 

756 

2U0 

4350 

4397 

W18 

1453 

5002 

371T 

5290 

7335 

203 

320 

403 

-0.50 

.0.3; 

-0.93 

-1026 

•2434 

•2303 

•9<il0 

3553 

-60110 

6360 

■>S?90 

0400 

604, 

7069 

0605 

U9 

203 

272 

-5.27 

•5.51 

•5.24 

(OanliBu.<) 
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Tkblft  (Concluded) 


Oase 

MeftsurtMoi 

-iL. 

-—35-  -2- — -2- 

ioo  i3o 

—mr 

18g 

_i22- 

Teat  D-4  iz  ■  1-3A  Ir..^  (Continued) 

7 

Str«lA»  |tiJi./iA. 

-853 

250 

826 

1505 

StretB,  pci 

-3530 

250c 

4543 

5334 

8 

Str&ln,  ^iii./in. 

354 

127 

336 

761 

BtreM,  pel 

3441 

.1270 

2360 

4408 

7-8 

Zhruat,  Ib/in. 

33 

123 

248 

323 

Nnent,  in. -16/in. 

-3.13 

0.43 

0.63 

0.30 

9 

Btmin,  uin./io. 

318 

1346 

3366 

3155 

Bireta,  p«i 

3180 

5198 

5980 

6439 

10 

Strnin^  ^in;./lR. 

-363 

-665 

-673 

-459 

Stress,  psl 

-3630 

-4210 

-4336 

-3750 

9-10 

fhrust,  Ib/ln. 

l£ 

106 

192 

265 

Iliaeut,  in.-lb/ijs. 

3.05 

3.91 

3.66 

2.85 

u 

Strain,  ^is./ln. 

478 

l4lu 

2397 

3120 

Stress,  psl 

3805 

5253 

5998 

6421 

Id 

Strsin,  uln./in* 

-353 

“697 

-692 

-468 

Stress,  psl 

-2520 

-4376 

-4366 

-3776 

11-12 

Thrust,  Ib/la. 

6? 

107 

19i 

362 

Nownt,  In.-lb/in. 

3.40 

3.97 

3.7c 

C.Oi-' 

13 

Strsic,  tilA./la. 

-230 

-1270 

-1577 

-1292 

Stress,  psl 

-2300 

-5132 

-5396 

-5151 

lit 

(jtrslii,  ^Is./in. 

476 

3913 

6811 

9347 

Stress,  psl 

3799 

6836 

3042 

9019 

13-11* 

Thrust,  Ib/lA. 

7»» 

201 

27Q 

361 

Noaeot,  In.-lb/in. 

-2,32 

-.'.8 

-4.47 

-.3.66 

15 

8t/rsin,  uin./ln. 

-175 

23 

8U 

1121 

Stress,  pel 

-1750 

.330 

4511 

5004 

16 

Strsln,  vil»./lii. 

444 

36  1 

985 

3543 

Stress,  ps:'. 

3706 

3457 

4869 

6637 

13-3^ 

Amist,  Ib/in. 

83 

1^9 

305' 

384 

Motfnt,  in.-lb/in. 

-3.06 

-OM', 

-0.13 

-0.57 

DCl 

Deflection,  in. 

0.036 

.. 

DCS 

Deflection,  in. 

0.023 

C.O8O 

0.093 

0.100 

1-2:9-10 

Avg  thrust 

38 

130 

162 

289 

s-^iis-l** 

Avg  thrust 

76 

165 

244 

31T 

q 

0.50 

0.79 

0.66 

0.91 

Teat  D-5  (Z  >  2.5/8  in.) 

1 

Strsln,  uln./ih* 

1591 

7368 

11022 

.. 

•• 

Streu,  psi 

5406 

8357 

9587 

.. 

2 

Strain,  uin«/ln. 

-871 

-4137 

-5661 

-9906 

Slre.a,  p»l 

-4634 

-6939 

-7564 

-9234 

1-2 

TSirust,  Ib/lr.. 

97 

139 

180 

Monent,  in.-lb/ln. 

4.39 

6.63 

7.28 

— 

3 

Strain,  uin«/in. 

-397 

-531 

-715 

-3740 

-6975 

Stress,  psl 

-3567 

-3913 

-4313 

-6204 

-8105 

U 

Strain,  uin*/ii^. 

973 

3104 

4473 

10259 

20902 

Stress,  psi 

4843 

5833 

7073 

93'a'> 

.. 

3.ii 

Thrv-t,  Ib/in. 

U6 

199 

383 

296 

•• 

Noneut,  lr..-lb/ln. 

-3-18 

-3.31 

-3.28 

-5-45 

— 

5 

Strain,  uln./in. 

-201 

-331 

-77 

602 

878 

Stress,  psi 

-2010 

-3310 

-no 

4080 

4649 

6 

Strain,  uln./in. 

361 

998 

1617 

I66n 

1408 

Stress,  psl 

3463 

4896 

5431 

5‘.75 

5291 

5-6 

Thrust,  Ib/in. 

52 

137 

250 

320 

325 

Noment,  in. -ib/ln. 

-1.97 

-2.92 

-1.79 

-0.46 

-0.19 

7 

Strain,  uin./in. 

196 

529 

541 

660 

680 

StrtM,  pii 

i960 

3930 

3954 

4200 

4341 

8 

Strain,  uln./in. 

-194 

-389 

89 

194 

206 

Stress,  psi 

-1940 

-3890 

890 

1940 

2060 

7-8 

nurust.  Ib/in. 

1 

68 

184 

226 

230 

Ncnent,  In.-lb/iii. 

1.38 

3.60 

1.12 

0.71 

0.67 

9 

Strain,  uin./in. 

468 

1404 

3635 

3160 

3160 

Stress,  psl 

3776 

5347 

6141 

1.442 

6442 

10 

Strain,  uin./in. 

-381 

-1036 

-1251 

.■1269 

-1273 

Stre.a,  pal 

-3520 

-4933 

•5116 

-5131 

-5135 

9-10 

Thrust,  Ib/in* 

34 

51 

131 

162 

162 

Monent,  In.^lb/in. 

2.85 

4.53 

4.73 

4.65 

4.65 

11 

strain,  pln./tn. 

-22 

368 

703 

855 

876 

Stress,  psl 

-220 

3483 

4388 

4601 

4645 

12 

Strain,  uln./in. 

127 

8 

306 

389 

406 

Strtaa,  pal 

1270 

80 

3080 

3544 

3600 

11-12 

Thnist,  Ib/in 

133 

333 

367 

270 

Moaont,  in.*lh/in. 

-0.52 

1.25 

0.67 

0.36 

0.35 

13 

strain,  pin. /in. 

-Id? 

-I'U 

0 

710 

1356 

Stress,  psl 

-2170 

-3330 

0 

4303 

5306 

lit 

strain,  nln./tn. 

304 

lOtKi 

1588 

1795 

1726 

Stress,  pal 

301*0 

4‘«jiJ 

5406 

5584 

5534 

13-14 

Ihruat,  Ib/ln. 

56 

lO.:- 

961 

330 

349 

Moment,  in.-lb/in. 

-i.V 

•2.51 

-1.52 

•oM 

-O.U 

15 

Strain,  uin./ln. 

.338 

-250 

-«3 

-i(«) 

-5159 

8tr«a»,  pal 

-3380 

-25t-0 

-3330 

-5493 

-7368 

16 

Strain,  uin./ln- 

558 

U44 

il73 

7639 

14749 

Stress^  pal 

3969 

5i9f‘ 

6448 

8.361 

10743 

15-16 

Thrust,  Ifa/ln. 

93 

19‘> 

385 

394 

397 

MoMnt.  In. -Ib/ln. 

•3.40 

i 

-3.43 

-4.52 

•6.99 

OCl 

Deflection,  in. 

0.036 

11.149 

0.176 

0.184 

0.186 

DCif 

Deflection,  in* 

0.033 

1 

0.098 

0.099 

O.lQl 

l-2i9-iO 

Av,  thruat 

61 

■/*> 

156 

S-CilS-ll* 

Avg  thrust 

>5 

150 

256 

335 

137 

q 

1.11 

Uabj 

0.61 

! 


i 
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Ttbla  5-11 

Strain,  Strata,  Ihruat,  and  Moaent;  Testa  D-6,  D-7,  D-8,  D-9,  D-10 


Gage 

Measurement 

Test  D-i5 

Z  =  7/8  In. 
Pso  = 

~  Tesf'B-'S - 

Z  =  7/8  in. 

p  =  ll6*P8i 

so 

Test  6-9 

Z  =  7/8  in. 

P  =  l48  psi 
so 

Test  D-6 

Z  =  1-3/4  in. 

*"•0  ' 

. Test 

Z  «  1-3/4  in. 

=  iBOpsl 

1 

Strain,  ^In./in. 

3361 

17296 

13714 

19059 

Stress,  psl 

— 

6541 

— 

10421 

— 

2 

Strain,  uln./ln. 

-891 

-15970 

-5512 

.10134 

Stress,  psl 

— 

-4675 

— 

-7520 

-9312 

1-2 

Thrust,  Ib/ln. 

.. 

218 

— 

251 

— 

Monent,  In.-lb/ln. 

— 

3.90 

— 

7-16 

— 

3 

Strain,  ^In./ln. 

•  • 

343 

-14665 

-5063 

-7055 

Stress,  psl 

— 

3409 

-10716 

-7327 

-8136 

k 

Strain,  uin./ln. 

•  • 

5836 

14380 

19105 

Stress,  psl 

— 

— 

7659 

IO62B 

— 

3-4 

Thrust,  Ib/ln. 

— 

•• 

263 

— 

Mcanent,  In.-lb/ln. 

— 

— 

-7.30 

-6.90 

— 

5 

Strain,  |iin./ln. 

•  • 

1174 

9087 

3881 

5384 

Stress,  psl 

— 

5-50 

891B 

6B09 

7465 

6 

Strain,  iiln./ln. 

550 

17760 

-665 

-686 

Stress,  psl 

— 

3973 

— 

-4210 

-4253 

5-6 

Thrust,  Ib/in. 

.ai 

296 

.. 

268 

314 

Moment,  in.-lb/ln. 

— 

O 

O 

~ 

3.26 

3.10 

7 

Strain,  ^In./ln, 

-53 

1468 

860 

-2511 

Stress,  psl 

— 

-530 

5302 

4612 

-6067 

8 

Strain,  uln./ln. 

•  • 

1933 

-411 

591 

6B92 

Stress,  psl 

— 

5702 

-3609 

4057 

8073 

7-8 

Thrust,  Ib/ln. 

•  • 

271 

170 

282 

216 

Mmnent,  In.-lb/ln. 

— 

-1.68 

3.14 

0.20 

-5.52 

9 

Strain,  ^In./ln. 

1551 

3195 

•• 

2865 

-1910 

Stress,  pal 

5374 

6459 

— 

6279 

-5683 

10 

Strain,  nln./in. 

-1306 

1 

\Jl 

•• 

720 

5327 

Stress,  psl 

-5163 

-4027 

— 

4323 

7441 

9-10 

Thrust,  Ib/ln. 

29 

250 

358 

204 

Moment,  in.-lb/ln. 

4.83 

3.18 

~ 

0.62 

-5.10 

11 

Strain,  ^ln./ln. 

349 

-754 

880 

506 

Stress,  psl 

3426 

-4393 

4653 

3886 

12 

Strain,  uln./ln. 

0 

3827 

•• 

3477 

295 

Stresr,  psl 

0 

6782 

6603 

2950 

11-12 

Thrust,  Ib/ln. 

113 

255 

377 

231 

Moment,  in.-lb/ln. 

1.23 

-3.49 

— 

-0.64 

0.28 

13 

Strain,  nln./in. 

517 

665 

«e. 

2079 

3996 

Stress,  psl 

3905 

4210 

5807 

6869 

14 

Strain,  (iln./ln. 

0 

480 

1935 

206 

Stress,  psl 

0 

3811 

5704 

2060 

13-14 

Thrust,  Ib/ln. 

154 

26l 

374 

362 

Monsnt,  in.-lb/ln. 

1.47 

0.l4 

0.04 

1.18 

15 

Strain,  uin./ln. 

-2171 

823 

•• 

-768 

-U4t7 

Stress,  psl 

-5863 

4535 

•• 

.4422 

-9719 

16 

Strain,  ;iin./ln. 

8019 

U05 

eaes 

5976 

22539 

Stress,  psl 

8507 

4990 

•• 

7720 

mm 

15-16 

nurust,  Ib/ln. 

272 

312 

•• 

323 

mm 

Moomnt,  in.-lb/ln. 

-5.C6 

-0.17 

— 

-3.21 

mm  ■ 

1-2J9-10 

Avg  thrust 

•• 

M4 

•• 

305 

mm 

5-6j13-14 

Avg  thrust 

aSo 

•• 

321 

338 

4 

see* 

0.84 

•• 

0.95 

•• 

a  HO  failure. 


0.  WEDGE  SHAPED  b.  ARCHED  C.  COLUMNAR  i.  UNIFORM 


l»o 


0.  FREE  BODY 
DIAGRAM 

Flc*  I'l  Concepts  of  Load  Transfer 


Mg  =  (0.257  -  0.2420  p,R 


Mg  =  0.25 


a.  TALBOT  (1908)  b.  CAIN  (1929) 


.  SPANGLER  (1938)  WHITE  (1980) 

Fig*  2.1  Concepts  of  Losd  Distribution 


•J 


a  DEFLEaiON  (WATKINS)  b.  SNAPTHIX)UGM(OONNELLAN)  c.  HmmClWLSON) 


A  COMMATKMIALLGOOO) 


Fig.  3.2  Actvial  Modes  of  Failure 


I.  UNIFOm  RADIAL  LOAD 


fc  MODE  2(t  =  h 


c  inOEStaO) 


i  MOKAla^O 


Fig*  3*3  Buckling  Modes 


Fig.  3.4  H<»ninifoini 
Load 


Fig.  3-5  SlMtlc 
Siqiports 


Fig.  3*6  llMtic 
NedivoB 


I.  OONCENTItATEO  t  fOTTRliWlCLE  c.  STTWAHaE 


1  UTTMAIIGLE  t.  WTmmit  I.  PAiiABOLlC 


»  UMFOfM 


Tig.  3»T  IdcallMd  U>«iii4  Coi^lgumtloiis 


Loncitudlnal  Section  of  Cylinder  and  Gege  locations 
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a.  Static  Bonnet  (2-ft  Diameter, 
500  psi) 


b.  Dynamic  Bonnet 


c.  Spacer  Ring  and  Posttest 
Diaphragm  Configuration 

Fig.  U.2  University  of 


d.  Cylinder  in  Position 

Illinois  Blast  Load  Generator 
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in  RIGID  BOTTOM 


Fig.  4.4  WES  Small  Blast  Load  Generator  (SBLG)  Facility 


Fig.  4.5  Illinois  Instrur  ntatlon  Equipment 


»  »  •  o 


Fig.  5»1  Stress,  Thrust,  Moaent,  snl  Deflection,  Test  A-1  (Z 
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Fig.  5 >5  Stress,  Dirust,  Moaent,  and  Deflection,  Test  A*3B  (Z  »  j/B  in.) 
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Fig.  5*6  Stre««,  Thrust,  ^toncnt,  sad  I>ef lection.  Test  (Z  I»3A  In.) 
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Fig.  5.10  Stress,  Thrust,  and  Moment,  Test  A-7  (Z  =  7/8  in.) 


9UHPACC  OVENMtSSUMC,  PSI 


Fig.  5.11  Stress,  Thrust,  and  Moment,  Test  A-6  (Z  =  1-3 A  In.) 
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Fig.  5.19  Stress,  Thrunt,  and  Moment,  Test  B-T  (Z  =  7/16  in.) 
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Fig.  5.31  fftresa,  Thrust,  and  Moment,  Test  C-9  (Z  =  7/16  in.) 
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APPENDIX  A.  PROPERTIES  OF  ALUMINUM  TUBE  MATERIAL 


“S 

i 

■i 


The  cylindrical  test  specimens  were  cut  frcan  12-ft  lengths  of 
Alcoa,  drawn,  aluminum  tubing  i^lch  was  comnerclally  available.  Static, 
mechanical  properties  for  the  material  are  published  in  the  manufacturer's 
literature.  Aluminum  Conpany  of  America  (i960,  p  59>  &nd  1962,  p  162). 
However,  the  values  given  are  either  minimum  or  average  values,  and  hence 
do  not  adequately  describe  a  given  piece  of  tubing.  Additionally,  it  was 
necessary  to  know  the  full  stress-strain  curve  for  the  material  ip  to  the 
maxiiDum  strains  experienced  during  the  cylinder  tests.  In  many  cases, 
these  strains  far  exceeded  the  indicated  yield  values. 

Longitudinal  tension  test  specimens  were  cut  tram  each  end  and 
from  the  center  section  of  the  12-ft  lengths  of  tubing.  The  specimens 
averaged  about  10  in.  in  length  and  were  propcnrtloned  in  accordance  with 
ASTM  Designation:  E8-6IT,  ASTM  STANDARDS  I96I,  Part  3  (PP  I65-I81). 

Ibe  flat  grips  of  the  tension  test  machine  proved  unable  to  hold 
the  slightly  curved  test  specimen  adequately  once  yielding  commenced. 
Therefore,  a  special  adapter  was  designed  to  accommodate  the  curvature  of 
the  specimen  to  the  flat  test  grips. 

Specimen  from  the  tubes  designated  A,  B,  and  C  were  all  tested 
at  the  University  of  Illinois  in  a  Tlnius  Olsen  Testing  Machine.  It  was 
used  as  a  constant  strain-rate  device.  An  average  crosshead  speed  of  0.05 
in. /min  was  used.  It  was  first  thou^t  that  the  strain  could  be  re¬ 
corded  adequately  by  monitoring  with  a  manually  operated  Baldwin  strain 
Indicator.  This  proved  satisfactory  only  for  strains  below  first  yield. 
The  strain  Indicator  operator  was  not  able  to  keep  a  continuous  balance 
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above  yield  due  to  the  large  strain  dianges.  Hence,  the  system  finally- 
established  utilized  a  Moseley  X-Y  plotter  to  record  both  loeid  and  strain 
simultaneously . 

Specimens  from  the  tubes  designated  D  and  E  were  tested  at  WES 
in  a  30,CXX)-lb,  Riehle  universal  testing  machine.  An  X-Y  pxotter  was 
again  employed. 

Average  stress -strain  curves  were  developed  for  each  12-ft  tube. 
T5iey  are  plotted  in  Fig.  A.l  and  reduced  to  a  finite  nmber  of  digitized 
points  in  the  tables  shown  on  the  figure.  These  points  were  used  to 
describe  the  curve  for  the  computer  program. 

Ihe  tension  tests  revealed  no  systematic  variation  in  stress- 
strain  characteristics  along  the  length  of  the  12-ft  tubes.  Ibe  modulus 
of  elasticity  for  the  material,  10  x  10^  psi  (+5^)>  vas  verified  by  all 
of  the  tests.  However,  the  inelastic  stress-strain  curves  for  the  606I-O 
A,  D,  and  E  material  varied  from  the  average  by  +10  percent.  The  overall 
accuracy  of  the  measurements,  procedure,  and  reduction  of  data  ''or  the 
6061-T6  and  3052-0  material  was  within  +3  percent  of  the  average. 

Although  tubes  A,  D,  and  E  were  made  of  the  same  material, 
606l-O,  the  inelastic  stress-strain  properties  were  sufficiently  different 
traa  tube  to  tube  that  separate  stress-strain  curves  were  utilized  in  the 
data  reduction. 

Handbook  yield  values  taken  from  Aluminum  Coiqpany  of  America 
(i960,  p  39)  point  up  the  fact  that  all  the  tubing  does.  In  fact,  exceed 
the  manufacturer's  indicated  strengths.  The  values  are  Indicated  in 
Fig.  A.l. 

The  stress-strain  properties  in  Fig.  A.l  were  used  In  the 
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coBiputatlon  of  thrust  and  moment  under  both  static  and  (Synamlc  loading.  It 
was  assumed  that  the  static  stress-strain  relation  would  be  a  good  approxi¬ 
mation  of  the  dynamic  stress-strain  reUtion.  Alumlnw  is  not,  in  general, 
strain-rate  sensitive  according  to  Steldel  and  Makerov  (i960)  and 

Staith  (1963). 


1 

.•4^ 


E  =  10  X  iO«  PSi 


6061 -T6 


S0S2-0  IB-7) 

6061- 

T6  (C-A) 

o 

< 

9 

( 

11.000 

1.100 

37.500 

3.750 

11.390 

1.250 

41.450 

5.000 

11.940 

1,450 

42.760 

7.500 

12.620 

3.000 

43.520 

10,000 

12.770 

5.000 

43.970 

12.500 

13.720 

10.000 

44.400 

15.000 

6061-0  (D-0) 


FIRST  VIEUO 


6061-0  (A) 
101 
(El 


SOS2-0 

6061-T6 


UNlAXIAt.  strain.  xIK.  IN. 


6061-0  (E-X) 


O 

t 

a 

« 

0 

5.000 

500 

3.400 

340 

4.500 

5.560 

625 

3.870 

500 

5.940 

6.660 

1.250 

4.900 

1.000 

6.960 

7.150 

1.875 

5.760 

2.000 

7.530 

7,500 

2.500 

6.360 

3.000 

8.030 

7.830 

3.125 

6.870 

4,000 

8.870 

8.760 

5.000 

7.730 

6.000 

9.700 

10.820 

10.000 

9.270 

10.000 

10.430 

12.450 

15.000 

10.820 

15,000 

12.080 

STRESS.  PSI 
0.2*.  OFFSET 


HANOBOOK  YIELD 


Fig.  A.1  Aluaiaun  Stress-Stxuin  Properties 


I  / 


§§§§§§§§ 


171 


APPENDIX  B.  PROPERTIES  OF  SANGAMON  RIVER 
AND  COOK'S  BAXOU  SANDS 


B.l  Placenent  Techniques 

Since  special  effort  vas  made  to  place  and  control  the  quality  of 
the  soil  medium.  It  Is  probably  denser  and  more  uniform  than  that  which 
could  be  obtained  In  a  field  Installation. 

B.1.1  Sangamon  River  Sand 

!nils  sand  was  stored  In  closed  53'gal  drums  near  the  testing 
device.  A  2-gal  water  bucket  was  filled  with  sand,  weighed  on  Toledo 
scales  (O.l-lb  graduations),  carried  to  the  test  device  and  qprlnkled  Into 
place.  The  sand  was  placed  In  6-ln.  lifts.  After  6  In.  of  sand  had  been 
placed,  the  lift  was  vibrated  with  a  probe-type,  concrete  vibrator  (Vlber 
Co*,  Model  II).  The  probe  was  vibrated  cosQiletely  through  the  6-in.  lift 
and  was  positioned  on  2-ln.  centers  In  an  ever-decreasing  spiral  around 
the  cmter.  This  process  was  repeated  until  the  test  device  was  filled 
(four  lifts)  and  screeded  off. 

A  trench  was  then  scooped  out  of  the  center  of  the  sand  and  the 
cylinder  placed  at  its  intended  depth  and  leveled.  The  sand  vas  backfilled 
in  the  vicinity  of  the  cylinder  in  lifts  ty  sprinkling  the  lift  in 

and  then  rodding  with  a  small  ruler  and  tamping  with  a  piece  of  wood. 

•The  vei|^  of  sand  displaced  by  the  cyllndor  placement  and  sub¬ 
sequent  badcfilllng  vas  msasured  for  each  test.  Etjr  assuming  an  effective 
volume  of  soil  to  be  disturbed  during  placement,  it  was  possible  to  cal¬ 
culate  the  average  densi^  of  the  sand  in  the  ImMdlate  vicinity  of  the 
cylinders.  The  calculations  indicated  an  average  density  of  I03,k  4  i.^ 
pef .  The  horisontal  stiffness  calculations  in  Section  6.2  also  verify  the 
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fact  that  the  sand  vas  very  stiff.  Penetration  tests  were  not  run  because 
of  the  likelihood  of  disturbing  the  cylinder  specimen.  Additionally,  re¬ 
cent  research  at  WES*  on  the  use  of  penetration  tests  in  dense  sand  has 
indicated  that  inherent  scatter  in  hand-operated  penetration  test  data  with¬ 
in  a  layer  is  so  great  that  variaticms  in  density  on  the  order  of  1  or  2  pcf 
are  effectively  masked. 

13ie  overall  density  vas  established  ly  dividing  the  measured 
weight  at  the  sand  placed  by  the  known  volume  of  the  test  device  (less  the 
cylinder  volume).  Ihe  overall  density  was  very  r^roduclble  and  averaged 
104.0  pcf  with  a  minimum  of  103*^  pcf  and  a  maximum  of  104.^  pcf. 

The  strain  gages  were  continuously  monitored  during  the  place¬ 
ment.  The  A  and  B  groups  of  cylinders  were  insensitive  to  the  placeiwat, 
but  great  care  had  to  be  exercised  in  backfilling  around  the  very  thin 
C  group.  In  all  cases  the  tendency  vas  for  elongation  of  the  vertical  axis. 
However,  lapressed  strains  were  kept  below  30  |iln./in. 

B.1.2  Cook*s  Bayou  Sand 

This  sand  vas  stored  in  piles  on  the  floor  and  shoveled  into  the 
hopper  of  a  sprinkling  (also  known  as  raining  or  shovtt’ing)  device.  The 
gross  weight  was  measured  by  an  electric  load  cell.  The  sprinkling  device 
vas  placed  over  the  SBLQ  base  and  maintained  a  known  distance  above  the 
surface  (24  in.  )j  while  the  device  was  slowly  turned  at  a  constant  rate, 
the  sand  dropped  thromh  the  hoses.  Fig.  B.l.  A  densi^-height  of  full 
study  vas  made  to  detemine  an  optimum  turning  rate  and  hei^  of 


*  Private  oommunioation  with  J.  0.  Jadwoo,  Jr.,  Chief  of  the  I^^ulse 
Load  Section,  Soils  Division,  U.  S.  Any  InglBeer  Ustenmys  Ixperimsnt 
Station,  Cl,  Fiduburg,  NLss.,  April  13,  19w5* 
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fall.'*  nie  full  merits  of  the  sprinkling  technique  are  discussed  ty 
Whitman  and  others  (1962,  Appendix  B). 

The  sand  was  placed  19  to  the  proposed  level  of  the  bottom  of 
the  cylinder.  The  cylinder  was  then  positioned  and  sand  was  sprinkled  In 
a  manner  Intended  to  duplicate  the  free -field  placeaient  to  bed  the  lower 
portion  (90  degrees  to  270  degrees).  A  piece  of  cardboard  was  used  to 
deflect  the  sand  beneath  the  spring  line.  The  sprinkler  was  then  reposi¬ 
tioned  and  the  remainder  of  the  sand  placed.  The  excess  was  screeded  from 
the  top  to  form  a  flat  surface.  A  study**  to  determine  the  effect  of 
sprinkling  sand  around  a  small-scale  burled  structure  has  shewn  that  the 
density  In  ‘the  vicinity  of  the  s'tructure  can  be  about  2  pef  less  than  the 
average  densl^  In  the  free  field. 

The  average  density  was  IO6.6  *  1.0  pcf.  There  was  more  scatter 
In  average  densl'ty  with  the  sprlniOlng  technique  than  with  the  vibration 
technique  used  for  the  Sangamon  River  sand. 

B.2  Soil  Strength  and  Deformation  Characteristics 
B.2.1  Sangamon  River  Sand 

This  sand  was  obtained  from  the  Footiae  Stone  Oonvaagr,  Naboavt, 
Illinois.  It  was  vet  and  not  of  desired  gradation  idieo  received.  A  eyatem 
outlined  by  Prakash  (1962*  p  223)  vm  used  to  dbtain  a  unifosm  sand  compar¬ 
able  to  that  tested  by  Hendron  (1963)*  ^  was  spi^wwA  on  the  floor  of 

*  V.  J.  Turnbull,  CSiiefi  Soils  Division,  MB,  "Soil  Tests  on  teiskled 
Cook's  Bayou  Mo.  1  Semi  Small  Blast  Load  Oamsrator  9peeimeai,  Mwcirsa 
due  for:  Chief,  Ihelear  MSapona  Bffeets  Division,  22,  196t. 

**  R.  V.  CuiBy,  Chief.  Soil  Byimmlrs  Brameh,  Soils  Division,  MIS,  "The 
tffact  of  an  6-lh.-bjwmtsr  Areh  on  the  Density  Irodaoad  by  Showeriag 
naosmemt  NithoA,"  UMorsnihM  for:  Chief,  jsnlear  Mbapons  Iffsets 
Division,  Dsrmhsr  1,  196b. 
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the  ZUixiole  civil  engineering  teet  track  and  dried.  Then,  8-lb  batches 
were  sid>Jected  to  5  aia  of  sieving  on  a  Gilson  shaker  (Model  CL-262)  that 
vas  fitted  with  a  So.  4o  and  Ho.  6o  sieve.  The  siaterial  retained  on  the 
Ho.  60  sieve  vms  utilized  for  this  investigation.  The  grain  size  distribii- 
tion  is  shown  in  Fig.  B.2. 

nie  static,  stress-defonaation  characteristics  in  triaxial  arX 
consol idoneter  tests  are  presented  in  Fig.  B.3*  These  tests  were  run  on 
sand  having  a  density  as  close  as  possible  to  the  overall  average  density 
used  during  the  cylinder  tests.  The  relative  density,  ,  is  also  listed 
in  Fig.  B.3<  Standard  procedures  were  used.*  Moduli  and  shear  strength 
data  are  presented  in  Fig.  B.5* 

B.2.2  Cook*e  Bayou  Sand 

This  sand  is  coanooly  used  in  nost  of  the  WES  blast  load  gener¬ 
ator  experlnents,  e.g.  Tener  (1964).  It  was  procured  locally  and  its 
characteristics  were  originally  docwented  (then  called  Biyou  Fl«nre  Sand 
Ho.  l)  in  a  WES  Soils  Division  Neaorandua  for  Record.**  Hcaiever,  recent 
laboratory  tests  perforaed  for  this  investigation.  Figs.  B.4  and  B.$,  In¬ 
dicate  that  the  oce-dinensional  stress-strain  curve  Md  angle  internal 
friction  for  a  density  of  106  pef  in  the  aesKnaadiai  were  la  enror. 

It  is  evident  that  the  two  sands  used  have  nearly  identical 
laboratory  properties  at  the  densities  employed  because  they  were  placed 
at  eq:iiiil  relative  densities.  Also,  the  diiierenees  in  the  techniques  used 

*  Described  in  a  laboratozy  aanual  prepared  by  the  Waterways  Experlawnt 
Station  for  the  Office,  Chief  of  Engiaeera,  which  will  be  iatued  as  a 
Corpa  of  Eangineara  Englnaer  Manual. 

**  F.  F.  Midala,  DMpulaa  Load  Section,  Soils  Division,  WES,  "Soils  Labora- 
tonr  Testa  on  Bayou  Fitrre  Sand  Ho.  1,"  Meaorandun  for  Record,  1963. 
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to  pl«ce  the  sand  in  the  vicinitgr  of  the  cylinder  negate  any  reflnejsents  in 
exp^^aining  differences  in  laboratory  soil  properties.  The  sand  ground  the 
cylinder  in  the  Cook’s  Bayou  sand  tests  may  have  been  only  of  medium  rela¬ 
tive  density. 

B.3  Elastic  Properties 

Hendron  (1963*  P  8^)  concluded  that  the  coefficient  of  earth 
pressure  at  rest,  ,  vsu^ies  inversely  with  the  angle  of  internal  fric¬ 
tion,  0  ,  as  detemined  from  drained  trlaxlal  tests. 

K  =  1  -  sin  ^  B.l 

o 

For  these  sands,  0  ®  36^  ,  Pig.  B.5,  and  therefore 

K  *  :  -  sin  38^^  »  1  -  0.6  =  0,k  B.2 

o 

It  the  soil  were  an  elastic  medlar. 


K 


“o  1  -  V 


B.3 


and  hence 


V  * 
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0  0,4  ra 

TT  *  nr  ■ 


B.4 


tdiere  la  PDisaon's  ratio  tot  the  soil. 

Young's  aodulua  of  elasticity  tv  the  soil,  ,  may  bo  «qpressed 
in  t^ms  of  the  constrained  modulus  from  t  e  consoildatloo  test,  K  ,  as 

V 

(levKl-2^.) 
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Variations  of  the  constrained  setant  modulus,  ,  with  vertical 

cs 


pressure  are  plottsd  in  Fig.  B.5*  une-dimensiomal  properties  obtained  at 
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several  relative  densities  for  the  Cook's  Bayou  No.  1  sazkL  axe  reported  by 
McNulty  (1965). 

Whitman  and  Healy  (1962),  discussing  trlaxial  test  results,  and 
Davisson  (1964),  discussing  one-dimensional  test  results,  have  indicated 
that  essentially  no  dynamic  strain-rate  effects  exist  for  dense,  dry  sands 
of  the  type  used  in  this  investigation. 
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APPEaJDIX  C.  PROPERTIES  OF  BUCKSHOT  CLAY 

C.l  Placement  Techniques 

The  placement  of  small-scale  test  structures  in  a  clay  soil  is  a 
new  endeavor.  Luscher  and  Hoeg  {196k,  pp  219-225)  pointed  out  some  of  the 
difficulties  in  soil  control.  Inherent  in  the  WES  test  setup  are  two  addi¬ 
tional  difficulties:  (a)  the  cylinder  ends  are  closed  before  burial  so 
that  strutting  the  diameters  is  impracticable;  (b)  the  cylinder  cannot  be 
positioned  vertically  for  soil  placement  and  then  positioned  horizontally 
for  loading  because  the  test  chamber  is  a  complete  ring  and  cannot  be 
sectioned. 

It  was  therefore  decided  to  use  a  technique  already  developed 
for  footing  tests,  Carroll  (I963)  and  Jackson  and  Hadala  (19<>4),  to  place 
and  compact  the  clay  to  the  top  of  the  2-ft-deep  test  device.  The  cylinder 
would  then  be  placed  in  the  medium  by  cutting  out  a  trench  of  appropriate 
dimensions  In  the  center  of  the  clay  specimens  and  carefully  backfilling 
around  the  cylinder.  The  technique  for  accoaplishlng  the  latter  task  was 
determined  and  patterned  after  procedures  described  in  a  feasibility 
study.*  Although  adequate  for  the  present  investigation,  the  technique 
still  has  some  drawbacks  which  will  be  discussed  below. 

Ihe  pirocedure  followed  in  placing  the  2-ft-thick  clay  specimen 
in  the  SBLG  ring  is  shown  in  Fig.  C.l.  The  clay  was  mixed  in  a  pugmlU  and 
brought  to  the  test  area  by  truck.  Fig.  C.la.  When  stored,  the  clay  ms 
kept  continuously  sealed  in  a  polyethylene  membrane  (wrapper)  except  when 

*  R.  V.  Cunny,  Chief,  Soil  I^/namles  Branch,  Soils  Division,  WES,  "Tenta¬ 
tive  PlacsBMnt  Technique  for  Qylindidrs  Burled  in  Clay  ^ecisNns,"  Mmo- 
randum  Toru  Chief,  Nuclear  Weapons  Effects  Division,  I965  (in 
preparation) . 
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soil  was  removed.  The  soil  was  processed  on  Fridays  and  allowed  to 
cttre  over  a  weekend.  The  soil  was  weighed  so  that  each  loose  lift,  Fig. 
C.lb,  woTild  produce  a  2-in.  ccanpacted  lift.  The  loose  soil  was  first 
hand -tamped ,  Fig.  C.lc,  and  then  con5)acted  by  three  passes  of  a  pneumatic 
tainper,  Fig.  C.ld.  The  soil  surface  was  scarified,  Fig.  C.le,  between 
lifts.  Hie  quality  of  the  placement  was  controlled  and  ch»jcked  primarily 
through  the  use  of  density  sanqples,  Fig.  C.lf.  Vane-shear  tests,  Fig. 

C.l«,  were  made  for  certain  specimens.  Unconfined  and  confined  conqpressive 
tests  were  performed  on  soil  cubes  that  were  taken  from  the  top  8  in.  of 
the  specimen  before  and  after  each  test.  The  pretest  cube  was  tedcen  at  a 
distance  of  1  ft  from  the  cylinder  and  the  hole  was  filled  in  a  manner  to 
duplicate  the  free-fieid  placement.  These  results,  as  well  as  water  con¬ 
tent  and  density  determinations, are  given  in  Table  C.l. 

The  cylinder  was  placed  by  cutting  out  an  curea  in  the  center  of 
the  2-ft-thlck  clay  specimen.  Fig.  C.2a.  The  length  luid  width  of  the 
cavity  were  the  same  for  all  tests  and  only  the  depth  was  varied.  A 
tesoplate  was  used  to  size  the  excavation.  Fig.  C.2b,  euid  it  also  served 
as  a  guide  for  the  scooping  operations,  Fig.  C.2c,  which  cut  out  a  seat 
for  the  bottom  half  of  the  cylinder.  The  half -cylindrical  cavity  was 
formed  exactly  to  the  cylinder  dimensions,  and  areas  were  carved  out  to 
accosnodate  the  strain  gages  v)d  end  nuts,  Pig.  C.2d.  The  cylinder  was 
then  placed  in  the  carved-out  area.  Fig.  C.2e.  The  backfill  %ras  placed 
in  loose,  lifts,  Fig.  C.2f,  and  compacted  by  three  passes  of  a 

Harvard  miniature  compactor.  Fig.  C.2g.  A  lift  is  shown  in  place  in 
Fig.  C.2h.  It  is  believed  that  very  close  contact  was  achieved  between 
the  clay  and  the  cylinder. 
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All  16  hoop  strain  gages  were  monitored  during  the  placement 
operation.  Some  strain  was  Impressed  Into  the  cylinder  during  each  phase 
of  the  placement.  Although  several  remedial  methods  (such  as  loosing  a 
small  vertical  load  on  the  cylinder  through  a  seuldle  adapter)  were  tried 
to  eliminate  the  strains.  It  was  only  possible  to  minimize  them.  About 
40  percent  of  the  total  strain  caused  by  placement  occurred  during  the 
first  seating  phase.  Fig.  C.2e.  Much  of  the  remainder  came  during  the 
first  and  second  backfilling  lifts;  very  little  disturbance  was  noted  In 
the  cylinder  due  to  lifts  placed  eifter  the  crown  was  covered. 

The  strains  were  primarily  bending  In  nature  and  were  most 
severe  at  the  quarter  points.  The  strains  Indicated  that  the  cylinders 
assvnned  a  slight  vertical-elliptical  shape.  Tliey  probably  did  not  sig¬ 
nificantly  Influence  the  failure  pressure  or  mode  of  failure. 

The  average  Impressed  strain  resulting  from  the  placement  is 
shown  In  Fig.  C.3<  It  Is  apparent  that  this  placement  technique  suat  be 
improved  before  it  can  be  applied  to  more  flexible  cylinders.  Dorris  and 
Albritton  (1963}  had  very  satisfactory  results  with  this  technique  on  a 
stiffer  cylinder  =82). 

Die  placement  technique  was  tedious  and  required  a  considerable 
amount  of  time.  So  much  hand  labor  is  involved  that  each  of  the  ten  tests 
required  an  average  of  one  week  in  the  testing  device,  (hreat  care  had  to 
be  taken  to  keep  the  clay  sealed  to  avoid  moisture  loss.  The  water  con¬ 
tent  determination  from  the  cube  tests  indicates  that  this  was  successful 
(Table  C.l). 

The  placement  technique  In  the  WES  laboratory  is  probably  better 
than  that  which  could  be  achieved  in  a  field  installation. 
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C.2  Soil  Strength  and  Deformation  Characteristics 

The  gradation  curve  and  specific  gravity,  G  ,  are  shown  In 

s 

Fig.  C.4.  The  clay  is  classified  as  a  CH  ,  and  the  .e suits  of  several 
Atterberg  limits  tests  are  shown  in  Fig.  C.5*  “nie  static,  unconfined 
cang;>re88lve  strengths,  ,  were  determined  in  the  laboratory  from  samples 
taken  from  8-ln.  cubes  cut  from  the  in-place  clay  specimens  (the  hole  was 
refilled  to  the  same  density).  The  results  are  plotted  in  Fig.  C.6.  Aver¬ 
age  values  are  listed  for  each  test  in  Table  C.l. 

In  order  to  establish  the  quality  of  the  backfill,  specimens  of 
clay  were  compacted  xU  a  mold  in  as  nearly  the  same  manner  as  the  backfill 
was  compacted.  Unconflned  specimens  were  cut  from  the  mold  and  tested. 

Hie  results  are  plotted  in  Fig.  C.6.  Th08e> coupled  with  the  information 
from  the  vane-shear  tests,  indicate  that  the  backfill  was  about  25  percent 
weaker  than  the  compacted  soil  in  the  free  field.  Some  of  the  veaher  mold 
specimens  were  honeycombed  (visual  inspection)  and  this  resulted  in  the 
lover  values  plotted  in  Fig.  C.6  and  the  lover  density  values  plotted  in 
Fig.  C.9'  1%ese  molds  were  made  during  the  early  weeks  of  the  Investiga¬ 
tion,  and  ttiey  may  not  have  been  truly  representative  of  the  compacted 
backfill. 

Static  triaxlal  (UU)  test  results  are  plotted  in  Fig.  C.7*  The 
degree  of  aaturati(»i,  ,  was  about.  90  percmt  and  an  apparent  fricti^ 
angle,  0  ,  equal  to  1.7  degrees  was  deduced. 

In  order  to  establish  an  approximation  to  the  one-dimensional 
•tresa-straln  relation,  ttaree  consolidation  teats  were  run  in  which  the 
vertical  atreae  vaa  applied  and  the  deftnmatioo  recorded  as  a  function  of 
time.  Pig.  C. 7* 
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Moduli  from  the  triaxial  (WJ)  tests  are  p^otted  against  confinir^j 
pres Jure,  »  in  Fig.  C.8.  “niese  moduli  exhibited  a  negligibl'  Increase 
with  confining  pressure  and  a  line  representing  the  average  value  Is  shown. 
Also  in  Fig.  C.8,  the  secant  modulus  from  the  consolidation  test  at  6  sec 
elapsed  time  (after  load  application)  is  plotted  with  respect  to  vertical 
pressure . 

The  dry  density,  7^  ,  is  shown  in  Fig.  C.9  with  respect  to  water 
content.  It  can  be  seen  that  the  in-place  soil  is  veiy  similar  to  that 
used  by  Jackson  and  Hadala  (196U). 

Carroll  (1963)  conducted  dynamic  triaxial  tests  on  buckshot  clay 
(w  =  27.1%)  and  Indicated  that  the  clay  is  strain-rate  sensitive.  However, 
the  dynamic  cylinder  tests  of  this  investigation  either  masked  the  effect 
or  did  not  benefit  from  it.  Kane  and  others  (196^)  discussed  the  behavior 
of  clay  under  rapid  and  dynamic  loading. 
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APPENDn  D.  TRANSDUCERS 


D.l  Strain  Gages 

Gages  3/8  In*  long  were  used  because  gages  long  enough  to  give 
reasonable  average  strains  but  short  enough  to  eliminate  the  necessity  of 
making  curvature  corrections  were  desired. 

However j  to  Initiate  the  Investigation  while  the  3/8*ln.  gages 
were  being  procured,  cylinders  B-1  through  B-5  were  Instrumented  with 
l/4-ln.-long  gages.  They  were  Budd  Metalfllm  strain  gages,  C12  l4lB, 
l/k  In.  by  1/8  In.  The  remainder  of  the  B  groiqp  and  all  of  the  A  and  C 
groups  were  Instrumented  with  Type  C12  16I.  These  gages  were  all 
taqperature-cQiiipensated  for  alunlnum.  They  are  not  classified  as  post- 
yield  strain  gages  but  are  capable  of  measuring  strains  accurately  to 
^•5  percent,  according  to  the  manufacturer.  The  gages  functioned  satis¬ 
factorily  on  tension  test  specimens  (Appendix  A)  in  that  they  measured 
strains  accurately  to  values  greater  than  2  percent,  and  appeared  to 
perform  satisfactorily  for  the  blinder  measurements. 

ProcuresMstt  amplications  prevented  the  acquisitin)  of  identical 
gages  for  tylinder  groups  D  and  Instead,  Baldvl]i»Lima-HmitoD  gages, 
T^pe  FA-37-12-SI3,  were  used.  These  are  also  3/B-ia.  gages  which  are 
tmperature-eoapensated  for  alwHnum*  The  ■Bimfaetarer  indicates  that 
these  are  accurate  to  2  peremat  strain  and  th<qr  perforlmd  satisfactorily 
on  tension  test  specimens  strained  hsyoiid  l-5Ao  percent. 

lastman  910  cemant  was  tried  as  a  gage  adhesive  on  several 
tension  test  speclmans,  hut  was  found  to  he  unsatiulhctocy  for  strain 
levels  hSfOBd  0.5  percent.  Armstrong  adhesive  C«2  was  used  to  bond 
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all  of  the  strain  gages  to  the  cylinders. 

Ibe  inside  gages  were  -waterproofed  hy  an  application  of  Gagekote 
No.  1  (a  solvent -thinned  synthetic  resin  compound)  -while  the  outside  gages 
ver'e  covered  vlth  Gagekote  Ho.  5  (a  two-compound ^  rubher-llke  epoxy  resin) 
followed  by  Gagekote  No.  2  (a  solvent-thinned  nitrile  rubber)  to  Isolate 
thew  farther  firoa  the  soil  aedla. 

A  limited  study  was  made  to  determine  the  potential  influence  of 
the  soil  pressure  (acting  as  a  normal  force)  on  the  outside  strain  gages. 
Four  gages  were  mounted  on  a  piece  of  l/2-in. -thick  aluminum  plate  and 
covered  with  vaxlous  protective  coatings >  Fig.  D.l.  Gage  1  had  a  metal 
cover  so  that  no  soil  pressure  could  reach  the  gage,  and  hence  it  served 
as  a  control  on  the  response  of  the  other  three  gages.  All  gages  were 
waterproofed.  Gage  2  was  covered  with  a  O.Ol^-ln. -thick  strip  of  flsh- 
paper,  gage  3  with  Gagekote  No.  3>  and  gage  4  with  a  piece  of  electrical, 
rubber  tape.  Ihe  plate  was  horizontally  burled  in  sand  and  loaded  stati¬ 
cally  to  300  psl.  Negligible  differences  were  noted  in  the  r*'sponse  of  the 
four  gages,  and  the  technique  used  for  gage  3  vas  selected  for  its  ease  of 
use. 

D.2  Diameter  Change  Gages 

A  diameter  change  wte  vas  required  vhldi  would  be  esqpendable 
since  the  cylinder  ooUapae  would  destroy  anything  inside.  The  transducer 
used  was  recomModed  by  Professor  V.  J.  McDnMid  of  the  Universi^  of 
Illisoia.  It  consisted  of  a  curved  strip  of  D. 01-in. -thidc  brass  shim 
stock  lA  in.  by  6  in..  Pig.  D.2.  Budd  Metalfilm,  lype  C12  l4lB,  strain 
gages  were  mounted  on  each  side  of  the  strip's  center  with  Bastman  910 
e«Mnt.  Ihe  gagas  were  Joined  eleetrioally  to  indicate  only  the  bending 
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strains.  Two  l/32-ln . •diameter  holes  vere  drilled  In  each  end  of  the  strip 
and  In  the  cylinder.  Ilie  same  nut  and  bolt  arrangement  was  used  tos  mount* 
Ing  the  strip  In  the  cylinder.  Fig.  ^.la,  as  vas  tised  In  calibration. 

Each  diameter  change  gage  vas  calibrated  In  extension  and  com* 
presslon  In  a  Pratt  and  Whitney  S\q>er  Micrometer.  Hie  ai^arent  strain  gage 
output  vas  a  linear  function  of  displacement,  and  amounted  to  ^  ^In./ln. 
per  0.001  in.  of  diameter  change. 

nie  gage  could  not  be  used  for  rapid  or  dynamic  testing  because 
it  experienced  excessive  ringing  under  these  loadings.  Gages  vere.  coated 
vlth  petroelastlc  to  dampen  the  spurious  vibrations  but  no  improvement 
resulted. 

D.3  Overpressiure  Gages 

For  the  tests  conducted  at  the  University  of  Illinois,  Bourdcp 
gages  vere  used  to  measure  the  static  overpressure.  Their  accuracy  vac 
verified  relative  to  other  available  gages. 

The  rapid  pressxure  tests  vere  monitored  by  a  Klstler  pieso- 
electric  pressure  transducer  Model  601.  The  transducer  vas  calibrated 
prior  to  testing  and  its  output  vas  a  linear  function  of  overpressure, 

0.1^1  plcocouloobs  per  psi  or  about  125  psl  per  Inch  of  paper  deflection. 

The  gage  was  chedced  aftcur  eadh  test,  and  no  callbratlM  diMuages  vare 
required . 

Both  the  static  and  dytmisic  tests  at  WES  wt  aoaltored  by 
Norwood  pressure  trsnsducers  Model  211.  These  were  statically  calibrated 
prior  to  each  test,  and  exhibited  a  generally  linear  response.  They  vere 
rsnged  for  sboot  250  psi/in.  of  peper  deflection  statically,  and  125 
psi/in.  of  paper  deflection  thmsmlcally. 
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At  least  two  gages  were  used  in  each  test  and  the  measured 
pressure  for  the  gages  was  within  +5  percent  of  the  average.  A  Bourdon 
gage  was  used  to  verify  the  peak  static  pressure  and  thereby  made  the 
static  values  more  reliable;  but  the  dynamic  results  jarobably  varied 
either  because  of  the  use  of  a  static  calibraticm  or  because  of  the 
motions  of  the  gage  mounts.  Ihe  gages  were  located  between  the  firing 
tubes  in  the  dynamic  bonnet.  A  study  1:^  Kennedy  and  Sadler  (I965)  has 
shown  that  the  surface  pressure  distribution  is  uniform  within  +10  percent. 
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